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ABSTRACT

Two dimensional (2D) materials present interesting property variation when compared to
bulk materials as they are single layer materials with reduced dimensions effects, minimal
interlayer interactions and may present changes in lattice symmetry. Van der Waals (vdW)
materials are layered materials with strong in-plane covalent bonds and weak out-of-plane vdW
forces, which allows crystals to be isolated down to a single molecular layer and these single layers
to be classified as 2D materials. The ability of combining these materials independent of lattice
matching and modifying electronic properties by using vdW heterostructures makes them
promising materials for electronic devices applications. Moreover, these materials can also be
grown by molecular beam epitaxy (MBE) and modified by doping, defect engineering, phase
transition, compositional change and characterized in situ by UHV compatible techniques.
Among vdW materials, transition metal dichalcogenides (TMDCs) represent a large class
with a metal layer sandwiched between two layers of chalcogens and each of these trilayers
interacts with another by vdW interactions. The TMDC samples studied here are grown and/or
modified by MBE, using high purity material sources under ultra-high vacuum (UHV)
environment, also allowing in situ characterization using UHV compatible techniques such as
scanning tunneling microscopy (STM), low energy electron diffraction (LEED), x-ray
photoelectron spectroscopy (XPS) and angle resolved photoemission spectroscopy (ARPES).
It is expected that TMDC films grown by MBE might present some intrinsic or induced
defects. However, these defects can exhibit exciting properties and by understanding and/or

ix

controlling their formation, new functionalities can be induced to the material. Here, we present
three different processes of modifying monolayer and multilayer materials by the introduction of
extra metal into their crystal structure. We explain for the first time the formation mechanism of
previously reported metallic Mirror Twin Grain Boundaries (MTB) networks and controllably
modify 2D materials based on the understanding of this mechanism. MoTe2 and MoSe2 were
modified with extra atoms of Mo and the controllable formation of MTB was investigated. The
same mechanism of incorporation of extra metal atoms into the lattice of TMDCs was used to
induce magnetism into nonmagnetic substrates by post synthesis doping of MoTe2 with V atoms.
We also discuss a layered dependence compositional change that transforms transition metal
ditelluride films into intercalated layered materials, which can also be considered as a modification
related to the presence of extra metallic atoms in the vdW gap between the layers of these transition
metal ditelluride films. Moreover, the ability of synthesizing isolated monolayers of early
transition metal ditellurides enables further investigation of their electronic and magnetic
properties. The results of the studies presented here collaborate to a deeper understanding of the
fundamental physics behind 2D TMDC systems and possible electronic applications in devices
based on these systems.

x

1. INTRODUCTION
1.1 Motivation and Research Goals

Van der Waals (vdW) materials are layered materials with strong in-plane covalent bonds
and weak out-of-plane vdW forces [1]. Hence, they are easy to cleave just by separating the layers
that are held together by vdW interactions, keeping the in-plane structure intact with no damage.
This mechanical cleaving allows to isolate materials down to a single molecular layer for many
vdW crystals. By transferring these cleaved materials to other substrates, stacking different vdW
materials, or re-stacking the same material with different twist angles allows creation of novel
materials and/or device structures.
Isolated single layers of these vdW crystals are two dimensional (2D) systems and reduceddimension properties can be studied. Compared to bulk vdW crystals, single layers can exhibit
varying properties. The reduced dimension, lack of interlayer interactions, as well as changes in
the lattice symmetry all contribute for monolayers (MLs) to present interesting electronic, optical,
and magnetic properties when compared to their bulk materials.
Combining mono- or few- layers of vdW materials into heterostructures is also interesting
for making electronic devices. In order to grow defect free traditional semiconductor
heterostructures, it is required that the materials have closely matched lattice constants, which
limits the available materials systems that can be used. This lattice matching condition is not
relevant for vdW materials since there are no chemical bonds out of the interface plane. The ability
of combining materials independent of lattice matching and modifying electronic properties by
1

using vdW heterostructures makes them also promising materials for optoelectronics device
applications.
The first successful case of an isolated 2D material was accomplished by Andre Geim and
Konstantin Novoselov with their work on graphene in 2004. The atomic structure of graphene
consists of a single atomic layer of carbon atoms covalently bonded together in a honeycomb
lattice. When it comes to its electronic properties, it is a semimetal with quasiparticles presenting
a linear dispersion around the K point of the Brillouin zone (BZ) as if they were massless
relativistic particles. This makes graphene an extremely exciting material since the same behavior
is not expected in conventional metals and semiconductors due to their parabolic dispersion
relation [2]. Moreover, its high thermal conductivity and transparency [3] make graphene a
promising material for optoelectronics applications and electronic devices such as touch screen
displays and organic light emitter diodes.
However, graphene also presents some limitations for some applications such as field effect
transistors [4]. Due to its zero band gap, the charge carrier concentration in graphene cannot be
properly modulated, which means that graphene field-effect transistors cannot be turned off
effectively, leading to very low on/off current ratios. A lot of research is conducted on how to
improve those properties in graphene itself with attempts of opening a gap by different approaches
[5], e.g., substrate induced band gap opening, chemical substitution doping and quantum
confinement in graphene nanoribbons. The limitations of graphene in electronic applications
motivated the study of other 2D materials that may exhibit intrinsic semiconducting behavior.
Among all the vdW materials, Transition Metal Dichalcogenides (TMDCs) are the largest family
with diverse properties including semiconductors.
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TMDCs represent a large class of vdW materials with formula unit of MX2, with M being
a transition metal atom and X being a chalcogen (S, Se, or Te) atom [6]. The metal layer is
sandwiched between two layers of chalcogen atoms and each of these trilayers interacts with
another by vdW interaction in bulk materials. TMDCs can have different configurations, as seen
in fig. 1.1. In the 1H configuration, the coordination of the transition metal is trigonal prismatic
and in the 1T structure, the transition metal has an octahedral coordination.
Trigonal prismatic 1H planes can be stacked in two different sequences in the bulk
configuration, originating a 2H or 3R structure [7]. 2H stands for a hexagonal unit cell with two
TMDC layers and 3R stands for a rhombohedral unit cell with three TMDC layers. By comparing
1H ML and 2H bulk structure, the inversion symmetry present in 2H due to its stacking is broken
in the 1H ML regime, which, in the case of group VI TMDCs for example, gives rise to spin
polarization of the valleys in the ML. More on the electronic behavior of ML TMDCs and their
differences to bulk will be discussed in section 1.2.3.
The octahedral structure 1T has only one stacking sequence: a trigonal unit cell with one
TMDC layer. There are also possible distorted forms of the 1T structure notated by 1T’ and 1T”.
MoTe2 in its ML form is an example of a 1H structure that can also transform into 1T’ phase due
to a thermodynamically driven phase transformation [8]. MoTe2 1H-structure is semiconducting
while the 1T’ structure is (semi)metallic. Another interesting phase transition happens for the VTe2
bulk single crystal that exhibits a distorted 1T structure, i.e. 1T”, with a monoclinic bulk unit cell
and a 3×1 structure relative to the undistorted hexagonal 1T plane on its surface. However, above
the transition temperature of 482 K, VTe2 has a 1T structure [9]. The atomic structure of VTe2 will
be further discussed in section 1.2.1.

3

Figure 1.1: Upper panel: Top and side view of four phases of TMDC. The 1H lattice has a trigonal
prismatic coordination, and chalcogen atoms X on the lower plane are directly underneath the
ones on the upper plane. The X atoms on the upper and lower planes are offset to each other to
form the 1T lattice. 1T’ lattice is a 2×1(or zig-zag shown by black lines) superstructure of the 1T
lattice. 1T’’ lattice is a 3×1 (ribbon or double zig-zag shown by black lines) superstructure of the
1T lattice. 1T, 1T’ and 1T” phases all have octahedral coordination. All unit cells are shown in
red. Bottom panel: Top and side view of different TMDC layers stacking. The trigonal prismatic
2H and 3R structures originate from distinct stacking of 1H layers. The octahedral 1T structure
originates from a sequential aligned stacking of 1T layer.
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2D TMDC ML can be obtained by mechanical exfoliation or by different growth
techniques, e.g. molecular beam epitaxy (MBE) or chemical vapor deposition (CVD) [10].
However, mechanical exfoliation does not allow the study of the modification of vdW materials
by introducing dopants or inducing phase transitions. Moreover, it limits the study of MLs of
already known TMDC bulk crystals. On the other hand, growth techniques enable us to synthesize
ML or ultrathin films not easily prepared by exfoliation. These films can later be modified by
doping, heating treatments and even different compositional phases can be achieved during growth
when compared to the already known bulk materials.
The samples studied in this thesis were grown and/or modified by MBE, which allows us
to grow both ML and bulk materials and compare their properties in situ. When compared to other
growth techniques, such as CVD, samples grown by MBE are cleaner due to the high purity of the
source materials and the ultra-high vacuum (UHV) growth environment [11], which also facilitates
in situ characterization. Growth temperatures used in MBE are usually lower, minimizing the
degradation of the samples. The growth rates are also slower, which makes the control of the
thickness of the grown samples more accurate. Overall, even though MBE is a more expensive
technique than CVD and MBE is more challenging to be applied at industrial scale, it is a powerful
tool for sample growth for research purposes. The experimental specificities of the MBE growth
technique are discussed in section 2.2.
Overall, 2D materials can be grown and modify by MBE by doping, defect engineering,
phase transition, compositional change and at the same time they can be characterized in situ by
UHV compatible techniques such as scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), x-ray photoelectron spectroscopy (XPS) and angle resolved photoemission
spectroscopy (ARPES). Some examples of the ability to grow and modify 2D materials are

5

explored here and the characterization techniques cited above were used during the development
of the work presented in this thesis and will be explained in detail in chapter 3.
In this work, we focus on growth and characterization of transition metal tellurides (e.g.,
Vanadium-, Chromium- and Titanium- Tellurides) by MBE and their properties when thinned
down to the ML regime. We also explore modifications of TMDCs by doping and defect
engineering (with focus on Mo, V and Ti doping of MoTe2 and MoSe2). The main goal of this
research is to synthesize and identify novel 2D materials that show interesting behavior (e.g., 2D
ferromagnets, perfect monolayers to be combined in vdW heterostructures, controlled introduction
of dopants and defects) for future applications in electronic devices and at the same time to
contribute to the understanding of the fundamental materials physics of layered materials. More
specifically, we are focusing on (i) demonstrating that 1T MLs of early transition metal ditellurides
can be synthesized via MBE and a compositional change occurs once these systems reach the
multilayer regime, becoming intercalation compounds; (ii) explaining for the first time the
formation mechanism of MTBs in MoSe2 and MoTe2 films via a controlled process of
incorporation of extra metal into the lattice; and (iii) implementing a new process of metal
incorporation in TMDC lattice to induce magnetism into non magnetic substrates.

1.2 Background and Literature Review

This section provides an overview of the main topics to be discussed later in chapter 4. The
discussion of the next five sub-sections focuses on (i) compositional phases and properties of early
transition metal (Ti, V, Cr) tellurides, (ii) charge density wave (CDW) definition and properties,
(iii) property variations of ML TMDCs (compared to bulk), (iv) vdW epitaxy and mirror twin grain
boundary (MTB) formation in TMDCs and (v) magnetic dopants in TMDCs.

6

1.2.1 Compositional Phases of Transition Metal Tellurides

Early TMDCs usually exhibit a 1T structure and that is also the case for the first-row
transition metal ditellurides studied here. However, other compounds than dichalcogenides appear
as stable compositional phases on the phase diagrams. These structures can be considered as
distortion of the TMDC layers obtained by self-intercalation of the transition metal in the vdW
gap. Some of those intercalation compounds even exhibit lower formation energies than the
dichalcogenides.
For MBE grown samples, the formation of self-intercalation compounds is likely to occur
since chalcogens present a high vapor pressure and, especially for tellurium, can be easily
desorbed, generating a metal rich environment, favoring the formation of intercalation compounds.
In the following paragraphs we discuss in detail the phase diagrams and possible
intercalation compounds for vanadium-, chromium- and titanium telluride presented in the
literature.
VTe2 bulk crystal undergoes a structural transition below 482 K from 1T to the 1T’’
structure [9][12]. However, the 1T’’phase was never observed in VTe2 MBE grown samples.
Moreover, no 1T’ structure is predicted for VTe2 either, but vanadium telluride phase diagram
[13][14] shows that other compositions are possible and should be taken into consideration when
discussing vanadium telluride films grown by MBE. The main phases that have been previously
reported for vanadium telluride, other than VTe2, are V3Te4 [15], V5Te8 [16] and V2Te3 [17][18].
They all represent intercalation compounds, i.e. they present similar octahedral coordination of the
vanadium to tellurium atoms as in VTe2 but with extra intercalated V atoms included in the
interplanar sites of tellurium layers. A graph illustrating the V-Te phase diagram is extracted from
ref [14] and is shown in fig. 1.2. V3Te4, V5Te8, and VTe2 are presented as possible stable phases.
7

Figure 1.2: Phase diagram for the V-Te system. Reprinted from [14], Copyright © 1984, with
permission from Elsevier.

V3Te4 is expected to have a magnetic transition at low temperature (LT) and a CDW-like transition
below 200K. V5Te8 is shown to be a stable phase below 700K and to present an antiferromagnetic
ordering at temperatures below 52K. At more elevated temperature a sequential phase transition
fromV5Te8 to V3Te4 to VTe2 is suggested and seems to stabilize with this CdI2-type structure.
V2Te3 is not shown in the diagram because Ohtemi et. al reported, among other authors, that the
V2Te3 phase presented in [17] had already been revealed to be in fact identical to V5Te8 [19]. No
further work has been published on V2Te3, suggesting that this phase is actually not stable or easily
synthesized. V5Te4, also presented in the phase diagram, will not be discussed here since it is a V
rich phase, unlikely to happen for the samples analyzed in this thesis, once they are grown by MBE
on a Te-rich environment. Moreover, no other experimental evidence from this phase has been
8

reported. Thus, based on the phase V-Te phase diagram in fig. 1.2, VTe2 and V3Te4 are the two
most likely phases to form in MBE growth.
These compounds can also be described as ordered arrangements of metal atoms
intercalated in the vdW gap of layered TMDCs. They only differ among each other by the amount
of transition metals in between the layers and the deformation caused by those atoms on the surface
of the topmost chalcogen layer. Then the different possible compounds in the phase diagram
discussed above can be presented as the intercalation compounds. If we consider the density of
transition metals in a TMDC layer to be of 1 ML, then the VTe2, V5Te8, V2Te3, and V3Te4
compounds correspond to intercalation compounds with 0, 1/4, 1/3, and 1/2 ML of extra V
intercalated in the gap, respectively. The structures of such intercalation compounds are illustrated
in fig. 1.3. Depending on the amount of intercalated atoms, a superstructure arrangement of 2×2,
(√3×√3)R30°, or 2 х 1 relative to a 1×1 unit cell of the TMDC will appear. These phases were
discussed for vanadium telluride, but a similar approach can be used for chromium- and titaniumtelluride as well.

Figure 1.3: Top and side view of a regular TMDC and different bulk intercalation compounds.
By adding extra transition metal atoms between TMDC layers, various ‘self-intercalation’
9

compounds can be formed. MTe2, M5Te8, M2Te3, and M3Te4 compounds correspond to
intercalation compounds with 0, 1/4, 1/3, and 1/2 ML of extra M intercalated in the gap,
respectively. The supercell of the arrangement of the intercalated atoms with respect to the 1×1
unit cell of the TMDC layer is shown in red in the top view. Side view is perpendicular to the
shorter unit vector direction in the top view.

Bulk chromium telluride also can be synthesized in different phases as suggested by the
phase diagram from ref [20] presented in fig. 1.4. Depending on temperature and quenching
process, Cr3Te4 can have either monoclinic or hexagonal (which is metastable) structure. Cr2Te3
has a trigonal structure and can be achieve at lower temperatures, as well as monoclinic Cr3Te4
structure and Cr5Te8. Cr5Te8 can exist in either monoclinic or trigonal structure, depending on
temperature and slight differences in the stoichiometric composition.
Some compositions of chromium telluride have recently attracted some interests due to
their ferromagnetic properties. Cr3Te4 and Cr2Te3 bulk crystals are known to be ferromagnetic and
their electronic band structures as well as their magnetic properties are detailed calculated in [21].
Magnetic properties and the anomalous decrease of magnetization for temperatures below 80K for
Cr3Te4 have been discussed [22]. Such bulk crystals were grown by chemical transport method.
On a more recent work, Cr2Te3 nanorods were synthesized and also presented ferromagnetic
properties [23]. Wang et al. also described how chromium telluride phases and magnetic properties
can be tuned by varying the Cr to Te ratio of the precursors during growth using high-temperature
organic-solution-phase method. Magnetic properties of Cr5Te8 have already been stablished as
well for both monoclinic and trigonal phases [24]. All these previous studies on intercalation
compounds of chromium tellurides highlight the importance of considering different phases for
chromium telluride other than the regular TMDC CrTe2 when growing samples by MBE. In
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addition, their ferromagnetic properties make chromium telluride compounds interesting materials
to be studied on the ML limit and raise questions on which phases can be synthesized as a ML by
MBE and what would be the correspondent magnetic behavior.

Figure 1.4: Phase diagram for the Cr-Te system. Reprinted by permission from Springer Nature
Customer Service Centre GmbH, ref. [20] Copyright © 1994.

The Cr-Te phase diagram does not show a CrTe2 TMDC as a compositional phase. This is
because the phase diagram only displays thermodynamically stable phases and CrTe2 is only
metastable. It has, however, been synthesized before in the bulk in an indirect two-step procedure
[25] by first growing a potassium intercalation compound, KCrTe2, followed by a chemical etch
of the potassium layer. The synthesized 1T CrTe2 compound has a ferromagnetic ground state at
310 K, but, if annealed at 330K or higher, it decomposes into Cr2Te3 and Te.
Previous reports of chromium telluride films grown by MBE have all reported Cr2Te3
multilayer compounds; CrTe2 was never grown by MBE. Roy et al. grew Cr2Te3 films of 100nm
to as thin as 4nm but not one ML thin. They characterize their sample by reflection high energy
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electron diffraction (RHEED), x-ray diffraction (XRD), XPS and STM. However, their STM data,
the only one reported so far for MBE grown chromium tellurides, only showed large-scale terrace
structures without detailed atomic scale information [26]. Other more recent papers characterize
Cr2Te3 films by XRD, atomic force microscopy (AFM) and soft x-ray absorption spectroscopy
(XAS) [27] and by RHEED, XRD and scanning transmission electron microscopy (STEM) [28].
Again, the films grown by MBE were thick (from 15nm to 300nm). Hui et al. also identified their
chromium telluride films to be Cr2Te3 [29]. The main techniques used to identify the atomic
structure were RHEED and high-resolution transmission electron microscopy (HRTEM). Overall,
MBE grown multilayer films have always been identified as intercalation compounds, consistent
with the phase diagram. All these works also confirm the ferromagnetic properties of chromium
telluride intercalation compounds multilayers. Growth and characterization of ML chromium
telluride in any of its phases remains as an unexplored topic.
The most extensively studied phase of titanium telluride is its TMDC. Property differences
between bulk and ML TiTe2 will be discussed in sections 4.1 and 4.2. A 2×2 distortion periodicity
at room temperature (RT) has been observed in MBE grown TiTe2 films [30] and it has been
assigned to a RT CDW phase. More on CDW will be discussed in section 1.2.2. However, another
reasonable explanation to this 2×2 periodicity would be to consider different compositions.
Titanium telluride intercalation compounds would present different superstructures in their basal
plane and slightly different lattice constants when compared to TiTe2, as discussed for the general
case in fig 1.3.
Moreover, TiTe2, Ti3Te4, Ti2Te3, and Ti5Te8 are all known stable phases in the
compositional phase diagram of titanium telluride [31] and thus should be considered as potential
phases that can be obtained during MBE growth. The Ti-Te system was investigated using XRD,
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optical microscopy, scanning electron microscopy, energy dispersive X-ray analysis and
differential thermal analysis by Holger Cordes and Rainer Schmid-Fetzer. Their conclusions
regarding possible phases were presented in the phase diagram shown in fig. 1.5. Ti5Te8 presents
a hexagonal unit cell and it is closely related to TiTe2 and Ti2Te3 since they present very similar
XRD spectra.

Figure 1.5: Phase diagram for the Ti-Te system. Reprinted from [31], Copyright © 1995, with
permission from Elsevier.
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However, Ti2Te3 can still be clearly distinguished by the occurrence of additional peaks in the
XRD spectra. With decreasing Ti content, formation of Ti5Te8, Ti3Te4, and TiTe2 are expected,
similarly to V-systems. Depending on temperature and quenching process, Ti3Te4 can have either
monoclinic or hexagonal structure, similar to the process that happens for the Cr-Te system. Even
though Ti5Te4 also presents as a possible phase, it will not be further discussed here since it is a Ti
rich phase, unlikely to happen for the samples analyzed in this thesis, once they are grown by MBE
in a Te-rich environment. Moreover, no other experimental evidence from this phase has been
reported.
Even though TiTe2 does not present any unique magnetic properties, the contrast between
bulk and ML electronic behavior and the open questions regarding the real compositional phase of
MBE grown films makes titanium tellurides interesting materials to be studied for investigation of
dimensionality effects on TMDCs and possible application in vdW heterostructures with other
magnetic materials.
The intercalation compounds and TMDCs phases presented here for early transition metal
tellurides will be the main discussion topic of results sections 4.1 and 4.2, where experimental and
theoretical results will be presented for multilayer and ML cases, respectively.

1.2.2 Charge Density Waves

CDWs in metallic layered TMDCs were first reported in TaS2, TaSe2 and NbSe2 more than
40 years ago by J.A. Wilson et. al. [32][33]. Since then, a lot has been learned about the structural
and electronic properties of CDWs in TMDCs. However, their formation mechanisms and
properties still attract a lot of interest from the scientific community, especially when it comes to
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ML samples. In this section, we explain the basics of CDW phenomena and properties and discuss
their importance in the 2D materials field.
Even though CDW can occur in both 2D and 3D materials, it can be more easily explained
considering the ideal 1D phenomenon. A CDW comes from a modulation of the atoms position in
the lattice of a metal (known as the periodic lattice distortion) that gives rise to a modulation of
electron density [34]. CDW can have different origins, such as electron-phonon coupling, Jahn–
Teller like lattice distortion or excitonic condensate. Here, we will focus on electron-phonon
coupling (EPC) and Fermi surface nesting (FSN), which are the relevant mechanisms for the
systems studied in this thesis. The lattice modulation can be related to a Fermi surface (FS)
instability, resulting in energy gaps opening at the FS and the CDW wavelength is π/k F, where kF
is the Fermi wavevector in this 1D model [35].

Figure 1.6: CDW and Peierls transition in 1D. A CDW comes from a modulation of the atoms
position in the lattice of a metal (periodic lattice distortion shown in (b)) that gives rise to a
modulation of electron density. (a) 1D metal with a half-filled band and a lattice periodicity of a.
(b) A doubling of the periodicity in real-space reduces the extent of the BZ in k-space by a factor
of 2. A gap opens at the BZ boundary lowering electronic states and allowing to gain energy to
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compensate for the elastic deformation energy. (c) In 2D, the FS must exhibit a parallel portion in
order to be susceptible for a FSN scenario based on 1D considerations. Based on ref. [36].

Fig. 1.6 illustrates the formation mechanism of CDWs. In (a), a 1D metal is depicted with
a chain of equally spaced atoms, with lattice constant a. Considering that every atom contributes
with one valence electron, this half-filled band structure consists of a single parabola. The
introduction of a periodic potential due to an atomic displacement with a 2a periodicity introduces
a new BZ at ±kF, as illustrated in (b) (in this case, we have two atoms and thus 2 electrons per unit
cell and the band is filled). Opening of a band gap at the BZ boundary causes a metal to insulator
transition and the energies of the occupied states are lowered, reducing the total electronic energy.
The lattice distortion to create the CDW effect becomes energetically favorable when the energy
savings due to the new band gap outweighs the elastic energy cost of rearranging the atoms [36].
This is more likely to happen at LT because, at high temperatures, the electronic energy gain is
reduced by the thermal excitation of electrons across the gap, so the metallic state tends to be
stable. The phase transition between the 1D metallic state and the CDW states in a 1D system is
also known as Peierls transition.
There are some discussions regarding how EPC and FSN are related to each and an overall
challenge to identify the mechanism behind the CDW formation in a specific system [37].
However, FSN involves elastic scattering, while EPC involves inelastic scattering from the lattice.
As an attempt to distinguish between these processes and identify the origin of a CDW distortion,
a wide range of experimental techniques can be carried out. ARPES determines band structure
and FS. Electron diffraction, XRD and neutron diffraction determine the atomic structure, the
reciprocal nesting vector (qCDW) and the transition temperature (TCDW). STM and scanning
tunneling spectroscopy (STS) determine qCDW and TCDW. Inelastic neutron scattering and X-ray
16

scattering investigate the phonon dispersion, which would help identifying the origin of the CDW
instability. Transport measurements identify TCDW and investigate a possible metal to insulator
transition for the Peierls instability.
Zhu et al. still suggested distinguishing CDWs in three different types [37]:
Type I CDWs would be quasi-1D systems with their origin in the Peierls instability (or FSN). The
lattice distortion would then result from the electronic disturbance. Moreover, at least one phonon
mode needs to be imaginary at LT, inducing a lattice distortion and a gap opening. Type II CDWs
would originate from EPC only. A phonon mode at qCDW should go to zero at TCDW and no gap
opening is expected. Type III CDWs would be related to systems that present a charge modulation
no indication that FSN or EPC would be essential to the formation of the CDWs.
Materials in which the CDW transition can be described by FSN must have different sheets
of the FS, or different parts of the same sheet, that can be translated by qCDW. For the case of
fig.1.6(b), the nesting vector will be defined as qCDW = 2kF and will yield the CDW wavelength of
2a via 2π/qCDW = π/kF. Still considering a 1D system, its FS consists of two parallel lines that are
always perfectly nested by qCDW (first schematics of fig.1.6(c)) and therefore a 1D metal is
expected to always undergo a CDW transition.
A perfect example of a CDW formation on a 1D system was demonstrated experimentally
by Ma et. al [38] on an MBE grown MoSe2 on MoS2 single crystal sample with a high density of
MTBs. The study of the k-space resolved electronic structure of the MTBs was done by ARPES
and the FS exhibited two parallel lines as expected for a 1D electron system, demonstrating perfect
nesting conditions of the electronic structure of these MTBs. The presence of CDW states on the
1D system MTBs was demonstrated by STM and the real space periodicity observed agrees with
the measured kF on ARPES by considering the distortion d to be d = π/kF. Another study [39] also

17

interpreted that MTBs on MoSe2 exhibit CDW states by analyzing STS spectra, showing an energy
gap opening around the Fermi level (FL). More on MTBs will be discussed in section 1.2.4 and in
results section 4.3.
When it comes to FSN at higher dimensions, CDW transitions are more likely to occur by
Fermi nesting only if there is a specific direction on the FS that looks quasi-1D and makes it
possible for the sheets of the FS to be translated by a single nesting vector. If a significant part of
the FS is nested, then the electrons can couple to a single phonon mode and thus undergo a CDW
transition. An example can be discussed with the help of fig.1.6(c). In a 2D free-electron system,
the FS would be close to cylindrical and only two points would be connected by a given qCDW (see
second image on fig.1.6(c)). However, if the 2D system has a FS as presented in fig.1.6(c), a large
part of it can be considered almost parallel and the system becomes more susceptible for an FS
nesting scenario based on 1D considerations.
FSN are much more likely to happen in 2D than in 3D systems, thus CDW are usually
observed in quasi 2D layered materials. But even in layered vdW materials, interlayer interactions
cause some degree of 3D dispersion and the FS shows some dispersion normal to the layers. Thus,
the nesting conditions may be more complicated in bulk materials. VSe2 is a material whose
nesting vector has been identified as a 3D vector [40][41]. However, if the material is reduced to
a ML, the BZ becomes strictly 2D as expected and the dispersion normal to the layer does not play
a role in the FSN anymore. Thus, different nesting conditions should apply to a ML than the one
from bulk material.
For ML VSe2, Bonilla et al [42] presented STM images of VSe2 at LTs, revealing a CDW
modulation with a different periodicity compared to the 4×4 CDW periodicity known for bulk
materials. This implies a different Fermi nesting conditions in the ML compared to the bulk. An
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ARPES investigation of the FS of 2D VSe2 [43] enabled the determination of nesting conditions
to explain the CDW periodicities observed in STM. These results demonstrate further how the lack
of the weak interlayer interactions in MLs of vdW materials modify their materials properties.
Another important characteristic of a CDW transition is the strength of the EPC. K.
Rossnagel makes a qualitative comparison between weak-coupling and strong-coupling CDWs
[44]. According to him, a weak-coupling CDW is more likely to present a small lattice distortion,
a small gap opening, an incommensurate periodicity with respect to the original lattice and a FS
instability. On the other hand, a strong-coupling CDW is more likely to present a large lattice
distortion, a larger gap opening and a commensurate periodicity.
CDWs are observed in many metallic layered materials and have been extensively studied
in the bulk regime. Given the role played by interlayer interactions on the electronic structure, it
is important to investigate how these properties are modified in the ML regime. In section 4.2, we
investigate ML CDW properties for VTe2 and TiTe2.

1.2.3 Property Variations of Monolayer TMDCs (Compared to Bulk)

There is a growing interest by the scientific community on ML and few layers early
TMDCs due to their unique electronic and magnetic properties, whereas their bulk regimes have
already been extensively studied in the past. Beyond atomic phase transitions, other exciting
properties tuning have been studied over the past few years comparing bulk and ML vdW
materials. The 2D electronic structure of ML TMDCs allow some phenomena, such as CDW
instabilities and metal to insulator transition. Reports on variations between ML and bulk materials
are discussed in the following paragraph.
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MoS2 is the most extensively studied TMDC so far and initial works in 2010 comparing
electronic properties of ML and bulk were crucial on the understanding of the importance of
interlayer interactions in the electronic structure of layered materials. Its bulk structure presents an
indirect band gap. However, when thinned down to a ML regime, MoS2 can exhibit a direct band
gap as well as an increase in the value of the gap [45]. The indirect to direct gap transition effect
can be explained by the role of interlayer interactions on multilayer samples and the lack of them
on ML regime. Bulk MoS2 has the valence band maximum (VBM) located at Γ point and the
conduction band minimum (CBM) between Γ and K. On the other hand, ML MoS2 presents both
VBM and CBM at K point, due to an increase in the binding energy of the VBM at Γ point and a
small shift in the CBM at K point [46]. This strong variation on the VBM at Γ point is a
consequence of the out-of-plane influence of the d-orbitals from the transition metal, responsible
for strong interlayer interactions. In the ML regime, these interactions cannot happen, which
increases the binding energy at Γ point and shifts the VBM to K point, where the d-orbitals present
in-plane orientation compared to MoS2 layers and the orbitals of different layers do not overlap.
The same behavior can be extended for other group VI TMDCs. Experimental evidence of
VBM shift from Γ to K point when a TMDC is thinned down to a ML was reported for MoSe2 in
[47] by ARPES. Moreover, a strong spin-orbit splitting can also be observed at K point due to the
d-orbitals from the transition metal. This indirect to direct band gap transition and strong spinorbit splitting on ML MoSe2 and MoS2 increase their possibilities of usage in photovoltaic
applications.
Changes in the electronic structure from bulk to ML regime may also affect CDW
instability structure in metallic TMDCs, transition temperature and even its occurrence. Some
examples of CDW behavior in ML and bulk TMDCs are discussed below.
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For TiSe2, Kolekar et al. showed that the same CDW state is observed for bulk and ML;
however, the transition temperature is significantly increased in the ML regime and strongly
depends on the substrate material [48]. TiTe2 shows a more pronounced difference between ML
and few-layer films. While the ML presents a 2×2 CDW with a transition temperature of 92K, no
CDW transitions are observed in multilayer films [49]. MBE has been proven to be the best method
for growth of the MLs due to the clean environment and controllability of deposition rates. In this
thesis, MBE grown ML transition metal tellurides and their differences when compared to the bulk
phase are explored in sections 4.1 and 4.2.
Regarding bulk early transition metal ditellurides, VTe2 exhibit a 1T-structure and
undergoes a structural transition below 482 K to the 1T’’ structure [9][12], as previously
mentioned in this chapter. Its isostructural materials, TaTe2 and NbTe2, also exhibit the same 1T”
distortion. An experimental work on bulk TaTe2 showed by STM and LEED that, at RT, one
observes the expected 3×1 stripe structure. At LTs a 3×3 CDW-like modulation is observed with
a transition temperature of 170K. LT STM images were taken at 77K and reveal a modulation of
brightness coming from the main features of the 3×1 structure still remaining in the 3×3 CDWlike superstructure, suggesting that 3×3 interplays and competes with the 3×1 phase [50]. This was
all observed on TaTe2 but a similar behavior and appearance of CDW for VTe2 would be likely to
occur once they are isostructural materials with similar electronic structures.
A recent work on VTe2 thin films grown by MBE [51] showed by electrical transport
measurements and temperature dependent Raman that two CDW phase transitions can be driven
by in-plane electrical field or temperature, suggesting that the EPC would play a significant role
in the CDW formation. They were also able to control the phase transitions between the CDW
state and normal state by in-plane electric field. Balandin et al. have previously carried out
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temperature dependence resistance and switching voltage measurements for thin ﬁlms 1T-TaS2 at
a temperature range from 78 to 395 K [52]. An abrupt change in the electrical conductivity was
observed and associated with the transition between different CDW phases. This is an interesting
approach that could be used as a “writing” and “erasing” process, presenting the potential of the
2D VTe2 rewriteable memristor. All these findings in thin films VTe2 also raise questions about
the ML regime which can exhibit different structures properties and not necessarily present the
same reconstruction or CDW transition.
1H, 2H and 1T phases of VTe2 ML and bilayer (BL) have been theoretically studied using
spin polarized density functional theory (DFT) calculations on their electronic and magnetic
properties [53]. Wasey et al reported that considering only cohesive energy, VTe2 1H-phase is less
favorable compared to its 1T-phase by 52 meV but with such a small difference, no predictions
can be made. However, by considering the surface energy, the ML formation is slightly more likely
to appear in the H-phase. If that is the case, when going from 1H ML to 2H BL regime, there
would be change from an indirect band gap semiconductor to a metallic state. However, they were
not clear on whether 1T or 1H would be energetically favorable for the ML. Both phases in ML
and BL regime were predicted to be magnetic. Another theoretical work [54] also considered the
ML VTe2 to be magnetic. However, they claimed that 1T metallic phase has higher formation
energy than 1H phase and therefore only the 1H phase has been considered in that work.
The experimental work of Jia Li et al [55] was done with atmospheric pressure chemical
vapor deposition grown VTe2 (NbTe2 and TaTe2) nanoplates of 3nm thick. VTe2 and NbTe2
presented a 1T phase and TaTe2 presented a monoclinic distorted 1T phase by STEM images. They
all exhibit metallic behavior. Magnetic measurements demonstrated that VTe2 and NbTe2 exhibit
RT ferromagnetism and TaTe2 shows only paramagnetic behavior. Beyond these published
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research papers, there are still a lot to explore regarding VTe2 phase transitions, CDW phase, ML
regime and its magnetic properties; our related work is presented in section 4.2.
Another telluride material that is investigated in this thesis, TiTe2 has attracted interest due
to the difference in CDW formation for bulk and ML films. No CDW is known for bulk TiTe2
while the CDW phase for ML is well established. P. Chen et al. reported a transition temperature
of 92K by using ARPES [49]. A theoretical work presented the DFT calculations explaining the
origin of the experimentally reported CDW instability in ML TiTe2 [56] and it also predicts that
multilayer TiTe2 should not exhibit any CDW distortion, in agreement with most works on TiTe2
so far. However, a recent study [30] presented MBE grown TiTe2 multilayers with a 2×2
reconstruction that is present even at RT. They showed very convincing STM images with atomic
resolution and stated that this superstructure periodicity represents a RT CDW, but no transition
temperature to a normal phase could be given. A set of XRD data revealed that the lattice constant
also varies when compared to the expected values of TiTe2. To that matter, they inferred that the
film probably suffered strain effects from the substrate (InAs(111)/Si(111)). On the other hand, it
would be surprising to have such a big influence of interface-induced strain specially in multilayer
films because of the usually low strain in vdW epitaxy.
Section 4.2 will discuss experimental results and how they compare with theoretical studies
for ML regime of early transition metal tellurides, their atomic structures, electronic properties and
CDW instabilities.

1.2.4 Van der Waals Epitaxy and Mirror Twin Boundaries on TMDCs

The telluride films studied in this thesis were grown by MBE, a growth technique that will
be further discussed in section 2.2. TMDCs can be combined with atomically sharp interfaces,
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maintaining a vdW gap between the layers since they do not have dangling bonds at their surface
and do not form out-of-plane covalent bonds. This allows them to maintain their bulk lattice
constant and vdW materials to be combined without restrictions due to lattice matching conditions.
There is, however, a preferential rotational alignment between the substrate and the grown film
and this effect is called vdW epitaxy.
The word “epitaxy” means “order above” and suggests that two crystalline materials can
be grown on top of each other in an oriented manner. Epitaxy is classified into homo- or
heteroepitaxy, if the film grown is, respectively, the same or a different material than the substrate.
In conventional heteroepitaxy, a strain between film and substrate is created due to lattice
mismatch, which is irrelevant in vdW heteroepitaxy due to lack of chemical covalent bonding [57].
Nonetheless, vdW interactions are still present between the layers, possibly inducing dipoles and
a registry, even though weaker, between bottom and top layers. In vdW heteroepitaxy, since there
is no intense strain interference at the interface, an incommensurate lattice arrangement or the
formation of Moiré pattern, depending on the percentage of lattice mismatch at the heterointerface,
is formed.
The term vdW epitaxy was first used by Atsushi Koma et al. in the early 80’s on their work
on subnanometer thickness heterostructures of NbSe2 on MoS2 substrate [58]. On follow-up
publications, they explored other layered materials [59][60], increasing the opportunities of
combination of vdW materials with different electronic properties in heterostructures. They
highlighted the importance of rotational alignment and relaxation of the lattice matching
conditions in these systems. Jaegermann group also investigated the electronic properties of vdW
epitaxy films and interfaces focusing on early transition metals (Mo, W, Nb, Ta) and other metals
(e.g. Sn, In, Ga) selenides and sulfides [61]. They mainly characterize the chemical composition
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of the films by XPS and electron energy loss spectroscopy (EELS) and the epitaxial behavior by
RHEED or LEED, in which the rotational alignment between substrate and film diffraction
patterns was observed. Scanning probe microscopy was used to investigate the nucleation and
epitaxial orientation of steps of the growing film on the substrate. Additional spectroscopy studies
were used to determine the band lineup of vdW epitaxy heterojunctions and electronic properties
e.g. band gap, valence bands and core level spectra. They believed that these studies give
promising perspectives for electronic devices at that time in order to overcome the limitations of
traditional epitaxial growth of semiconductor heterostructures.
In the present scenario of electronic devices research, heterostructures of semiconducting
vdW materials can explored for possible applications in photodetection or photovoltaics as well as
electronics and tunneling devices. In order to understand how formation of heterostructures modify
materials properties, it is desirable to investigate the properties of the individual components first.
In the case of vdW materials, this requires study of their properties in the ML and few layers
regime.
If the substrate used for the epitaxial growth of vdW materials is not a single crystal TMDC
or if it has a higher symmetry than the grown film, the film will grow following the orientation of
the substrate but with different domain, which will generate grain boundaries between grains with
different orientations. As an example, graphene has a 6-fold symmetry and MoS2 has a 3-fold
symmetry. If graphene is used as a substrate for MoS2 epitaxial growth, the higher symmetry of
graphene will allow two domains rotate by 60° with respect to each other of MoS 2 to be formed
with equal probability. Grain boundaries in 2D materials are 1D features and MTBs are the special
case of a boundary between two TMDC grains rotated by 60° with respect to each other or, in
other words, between two mirror grains [62]. Since two mirror grains cannot be perfectly merged
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together without modifying the lattice, a grain boundary is formed. In principle, it would be
possible to merge the lattices of the two mirror-twin grains together in more than one different
way. Different possibilities for these grain boundaries have been simulated by DFT [63]
considering formation energy and composition for the MoSe2 case. Some of these structures have
been observed by TEM in other TMDCs as well, e.g. WSe2 [64] and MoS2 [65]. All the
experimentally reported structures are chalcogen deficient, in agreement with the lower energy
structures expected from DFT. The most commonly observed structure of a MTB in a TMDC
lattice is shown in fig.1.7(a). The grain boundary structure is metal rich when compared to the
lattice.

Figure 1.7: Schematics of a Mirror Twin Grain Boundary. (a) Boundary between two MX2 grains
rotated by 60°. (b) Schematic illustration of an MTB loop. The highlighted area is a chalcogen
deficient, or metal rich, 1D structure.

As we will discuss in section 4.3, the formation of MTB networks happens during the MBE
growth specially for Mo-dichalcogenides such as MoTe2 and MoSe2. In this process, the grain
boundaries always form closed triangular loops as shown in fig.1.7(b), the MTB loop is the
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highlighted area in (b) and the inside area of the lattice is a mirror structure of the lattice outside
of the loop.
Formation of network structures in MoSe2 MLs grown on vdW epitaxy has been first
reported in the 1990s [66]. But only recently these structures were correctly interpreted as MTB
networks by a combination of STM and TEM analysis [67][39]. The formation of high density of
line defects, creating MTB networks, was also reported by atomically resolved STM images of
MBE grown MoSe2 [68] and MoTe2 [69] on MoS2 substrate.
DFT predicts MoSe2 MTBs to have strongly dispersing metallic bands within the band gap
[63] and these metallic properties have been demonstrated experimentally by Ma et. al [38] using
ARPES and STS. A metal confined into a 1D structure is expected to be described by TomonagaLuttinger liquid (TLL) theory [70]. ARPES spectra of MoSe2 are consistent with TLL theory and
show the first 1D metal for which spin-charge separation has been experimentally confirmed [38]
indicating that these grain boundaries may be ideal 1D electron systems. Also, EPC in 1D metals
are expected to cause a Peierls’ CDW (as discussed in section 1.2.2). A CDW instability in the
MTBs has been observed in STM images and transport studies suggest a transition temperature of
~230 K for MoSe2 [38][39].
In these previous studies, the goal was to investigate the fundamental properties of MTBs
formed in MBE grown MoSe2 and MoTe2. However, none of these studies addressed the reason
for these grain boundary networks to be formed during growth. In section 4.3, we will discuss the
mechanisms of the formation of MTBs. In general, a better understanding of defect formation
during growth is critical for the potential use of TMDCs. Controlling the introduction of dense
MTB networks could also be an alternative approach for metal contacts in 2D materials and to
tune chemical functionalities for instance for electrochemical hydrogen evolution catalysis [71].
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1.2.5 Magnetic Dopants in TMDCs

TMDCs presenting intrinsic magnetic properties are being deeply investigated [72].
Magnetic 2D materials represent a new field of research with promising applicability in spintronics
and electronic devices based on vdW heterostructures. VSe2 is known to be paramagnetic in the
bulk regime. However, recent studies showed that VSe2 ML grown by MBE presents a strong
ferromagnetic ordering [42]. New 2D magnetic materials are still being studied and CrTe2 is a
promising one. Its existence in the ML regime will be discussed in section 4.2.
2D materials morphology can be modified more easily if compared to bulk systems due to
its low dimensionality and this potentially enables the tuning of their properties and eventually
creates new functionalities. Introducing defects or doping the materials is a possible approach for
tailoring electronic, magnetic, and optical properties in 2D materials [73][74]. The dopants may
substitute atoms in the lattice, sit on interstitial sites, intercalate between layers, or even alter the
structure to create a new phase. During those processes, they can make the initial material n- or ptype, depending on the dopant. With that, one can control the p- or n-type semiconducting
behavior, modulating the FL and band gap of a semiconductor. Laskar et al. used Niobium as a
substitutional impurity on the metal site to get p-type MoS2 [75] by e-beam evaporation. Their
absorption and transmission electron microscopy (TEM) measurements showed that the Nb doped
MoS2 samples were similar in quality and crystalline order to the undoped one.
When the doping of TMDCs induces magnetism on the sample, a whole new range of
applications is presented, enabling future production of magnetic field sensors, magneto-optical
devices and other spintronics applications. Diluted magnetic semiconductors (DMS) are, by
definition, systems that combine the advantages of a ferromagnetic material with those of a
semiconductor, enabling the tuning of the magnetic properties. The initial theoretical studies of
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DMS were mostly focused on III-V semiconductors doped with Mn [76], in which ferromagnetism
is due primarily to coupling between magnetic element moments that is mediated by conduction
band electrons or valence-band holes. In these materials, magnetic properties can be altered by
using the same techniques that can be used to alter other semiconductor electronic properties (by
modifying the carrier system by doping, photodoping, gating or heterojunction band-structure
engineering).
The primary challenges that these materials need to overcome to be used in electronics
device applications are that the Curie temperature should exceed RT, the mobile charge carriers
should respond strongly to changes in the ordered magnetic state and the material should have
fundamental semiconductor characteristics. Moreover, since future electronic devices could be
based on 2D materials, it is interesting that while overcoming these challenges, we still have a 2D
material, such as TMDCs, based device.
Ferromagnetism induced by defects and dopants has been predicted theoretically for
different dopants in MoS2 ML. Exchange interactions in Mn doped MoS2 were explained by
double-exchange mechanism and predicted to be relatively short-ranged, justifying the
ferromagnetic ordering in Mn-doped ML MoS2, even for dopant concentrations in the range of
10% [77]. On a different work, Co dopants substitution in Mo sites were predicted to induce
magnetic moment in MoS2. The magnetic moment was strongly dependent on the doping
concentration and higher for lower doping concentration of around 4% [78]. There is a tendency
of Co at Mo sites to cluster with higher doping concentration. But the presence of Mo vacancies
in the system makes the dopants separate from each other, creating a ferromagnetic order, which
also shows the importance of defects when studying ferromagnetic behavior in a TMDC system.

29

Other experimental results also suggest that substitutional doping of transition metals in
2D materials can result in induced ferromagnetic ordering. Xia et al. prepared Cu-doped MoS2
nanosheets by a hydrothermal method [79]. The magnetic measurements on samples of around 5%
dopants showed ferromagnetism and a Curie temperature is 930K, away above RT, which is
important for future real spintronics applications. Li et al [80] prepared Fe-doped SnS2 ML
exfoliated using a micromechanical cleavage method. The magnetic measurements showed that
the doped samples exhibit ferromagnetic behavior with a perpendicular anisotropy at 2 K and a
Curie temperature of ~31 K. They also studied field effect transistors based on Fe-doped SnS2 and
showed that they exhibit a high optoelectronic performance.
The studies described above, among others, express a high interest of the scientific
community in systems such as 2D DMS. Recently, long range magnetic order has also been
observed below 40K and 100K in MoTe2 and MoSe2 respectively [81]. Guguchia et al. did
magnetic measurements using muon spin rotation. STM images showed two types of intrinsic
defects with a 0.4% density. They identified these defects to be metal vacancies and chalcogenmetal antisites, i.e. Mo atoms at chalcogen lattice sites and inferred by DFT calculations that the
magnetism on the samples were related to the antisite defects. This work indicates that, in MoTe2
and MoSe2, even dilute defects can cause long range ferromagnetic ordering, making them
promising materials for DMS.
Yun et al synthesized V doped WSe2 by chemical vapor deposition [82]. By means of
magnetic measurements through vibrating sample magnetometer (VSM) and magnetic force
microscopy, they reported a long range ordered ferromagnetism above RT for samples with 0.1%
V doping. The fact that vanadium has been used as ferromagnetic dopants in diluted semiconductor
systems suggests that it might be a good candidate for magnetic dopant in TMDC systems.
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Given the previous reports for the formation of 2D DMS and our findings regarding MTB
formation in section 4.3, we investigate a new doping approach that could also be used to induce
magnetic ordering in TMDCs. In section 4.4, we will discuss our results on V-doping in MoTe2
and the possibility of locally modifying TMDC sheets and expanding this approach for the
investigation of magnetism induction in other metal/TMDCs systems.

1.3 Outline of Thesis

After having presented the main topics of research to be discussed in this thesis and relevant
literature background in this chapter, the remaining of this work will be organized as follows:
Chapter 2 describes the substrates preparation and samples growth method, with emphasis
on the technicalities of MBE and theory of thin films growth.
Chapter 3 describes in detail the characterization techniques relevant for data acquisition,
e.g. STM, LEED, XPS and ARPES.
Chapter 4 accounts for the largest part of this thesis and is divided into four sections
presenting the main results and discussion of this thesis, most of which have also been published
in scientific journals referred throughout the chapter as needed. The sections will be focused on (i)
intercalated compounds of early transition metal tellurides, (ii) ML regime of materials discussed
in (i) and their phase transition to 1T structure, (iii) MTB formation mechanism on TMDCs and
(iv) Diluted magnetic defects on TMDCs.
Chapter 5 summarizes the main results and achievements of this thesis and discusses an
outlook for potential future work in the 2D materials research field.
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2. PREPARATION AND GROWTH METHODS

The synthesis of TMDC ML to few layer samples can be carried out by a variety of
methods, from CVD to mechanical exfoliation. However, in order to have clean non contaminated
films, it is important to perform the synthesis of vdW materials in UHV environment [1][2]. An
important variable that plays a role in film deposition under vacuum is the gas impingement flux
Φ. It represents the rate at which molecules of a residual gas will strike the surface of the sample
and be adsorb, if we consider a sticking coefficient of 1. Φ is directly proportional to the pressure.
In other words, for a better vacuum (lower pressure), it will take longer for a sample to be
contaminated with a ML of residual gas [3]. At atmospheric pressure, a surface will be covered by
a full ML of residual gas in 3×10-9s. However, in a UHV environment of 10-10 torr, a surface will
stay clean for more than 7 hours. Under UHV conditions, grown films will most likely present less
contaminants and be more reproducible. Moreover, characterization techniques can be performed
on a connected UHV chamber without exposing samples to air, avoiding contamination and
making the acquired data more reliable.
MBE becomes, then, one of the main techniques not only to grow TMDC films as thin as
ML but also to modify these materials by introducing dopants, as it is performed in vacuum with
a high controllability of the thickness of grown samples. The advantages of MBE compared to
other growth techniques have already been discussed in section 1.1.
In the following sections, the preparation of substrate before and after insertion in the
vacuum chamber is reported together with a detailed description about MBE growth method. The
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specific parameters for growth of telluride films and TMDC doping with transition metals
discussed in this thesis are also presented.

2.1 Exfoliation and Preparation of Substrates

Most of the substrates used to grow the films studied in this thesis are vdW materials which
can be easily exfoliated since the layers are separated by vdW bonds. Commercially available
synthetically grown MoS2, MoSe2, MoTe2 and highly ordered pyrolytic graphite (HOPG) crystals
are mounted on Ta sample holders with Ta foil or W wires spot-welded to the mounting plate. The
surfaces of the substrates are cleaved with a vacuum compatible sticky tape in order to expose a
less contaminated layer of the material. Freshly exfoliated crystals are immediately introduced into
the vacuum chamber. MoS2, MoSe2 and HOPG substrates are outgassed in UHV at 300°C for at
least 2 hours before the growth of samples. The quality of the surface can be checked by STM and
LEED (for TMDCs). More details on LEED and STM techniques are discussed in chapter 3. An
example of a high-quality MoS2 substrate surface characterization is shown in fig. 2.1.

Figure 2.1: Characterization of a clean MoS2 substrate. (a) LEED pattern showing hexagonal
pattern of MoS2 with low background intensity, suggesting a clean surface. (b) Large scale STM
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image showing clean surface with only intrinsic defects of MoS2 crystal. The inset shows STM
atomically resolved image with a clear hexagonal pattern of MoS2.
TMDC substrates are usually outgassed in vacuum before film growth. However, Te
desorbs from transition metal ditellurides at lower temperatures than other chalcogens in TMDCs
[4]. By outgassing MoTe2 at temperatures higher than 200°C in UHV, additional defects
resembling Te vacancies are formed on the surface. The controlled formation of these defects can
be a tool for telluride modification. However, in order to be used as a substrate, better quality
MoTe2 surfaces are obtained just by being cleaved in air and being immediately introduced into
the UHV chamber. Their cleanness can be checked by STM.
Besides TMDCs and HOPG, another substrate used in this work is G/SiC [5]. It is the
substrate of choice for most of our ARPES measurements since SiC has a large band gap of ~ 3eV
[6] and graphene only has a very well-defined linear band at the K point. Hence, it simplifies the
study of the electronic band structure of the grown films, without misinterpretation of data or
confusion with bands from substrate. Moreover, since there is no overlap of electronic states close
to the FL within the BZ, there are no chemical interactions and the grown TMDCs can be
considered to be quasi free-standing on graphene. The preparation of graphene/SiC is different
than vdW substrates and is discussed below.
The 6H-SiC crystals were submitted to a preparation method called ﬂash annealing [7] in
order to synthesize a BL graphene on top of the Si terminated SiC crystal. The SiC crystal is first
degassed for more than 12 hours at 700°C by radiative heating, followed by three annealing-cycles
using an e-beam heater at 1400°C annealing for 20 min, each. The temperature is increased from
RT to annealing temperature in less than 1 minute. After the annealing cycles are complete, the
sample is cooled down back to RT naturally. The quality of the substrate is checked by LEED and
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STM and an example of the characterization of a good G/SiC substrate is shown in fig. 2.2. The
graphene spots are surrounded by a larger (6√3×6√3)R30◦ reconstruction spots related to the first
layer of the graphitization process of SiC and the difference in lattice parameters between graphene
(2.46Å) and SiC (3.08Å) [8].

Figure 2.2: Characterization of G/SiC substrate. (a) LEED pattern showing graphene spots
surrounded by (6√3×6√3) reconstruction spots with low background intensity, suggesting a clean
well oriented surface. (b) Large scale STM image showing some bright defects on large step
terraces from BL graphene growth.
Once synthesized, G/SiC is stable in air and can be exposed and reinserted in different
UHV chambers. Before the growth of the films, however, an annealing process should be carried
out by using the same conditions as for TMDCs substrates to assure its cleanness.

2.2 Molecular Beam Epitaxy and Thin Films Growth

MBE is a growth process carried out in UHV environment, allowing the grown films to be
studied in situ when combined with other UHV compatible characterization techniques, e.g.
LEED, STM, XPS and ARPES. MBE is widely used for vdW materials synthesis since the growth
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of layered crystals can be carried out with a higher degree of control of the layer-by-layer growth
and reproducibility. Moreover, vdW materials do not require lattice matching which means that
heterostructures can be grown by MBE and due to the thickness controllability of the technique, it
can be done in the ML regime [9][10].
The growth of TMDCs by MBE involves co-deposition using elemental sources of a
transition metal and a chalcogen that condense into a film after the molecular beams hit the
substrate. The atoms that reach the substrate surface may find a thermodynamically stable state
and be adsorbed; in other words, the vapor will condense on the substrate surface. The adsorbing
atoms should have a reduction of the energy when compared to their vapor phase in order to
prevent them from escaping [11]. The adsorption can be either a physical (physisorption) or a
chemical (chemisorption) process. Chemisorption involves the formation of chemical bonds
between the substrate and the arriving atoms. Meanwhile, physisorption involves only
intermolecular forces, such as vdW attraction, between the arriving atoms and growth substrate.
Fig. 2.3 shows possible steps during a thin film growth process. Once the atoms are adsorbed, they
can diffuse across the surface of the substrate. The overall surface energy can be minimized if the
atoms have enough energy and time to diffuse to lower energy sites. The diffusion process is highly
affected by the substrate temperature. At higher temperatures, the surface atom mobility is
increased, and one can created a more highly ordered material. However, if the temperature reaches
a threshold, the desorption rate is increase and the film might become more defective. At lower
temperatures, the grown films usually present more abrupt interfaces and less ordered films but
present lower desorption rates. The temperature of the substrate during growth should be optimized
experimentally in order to enable a high-quality film growth.
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Figure 2.3: Possible events during a thin film growth process. Based on ref. [11].
The growth and edge shape of the 2D film will be affected by kinetic barriers and
thermodynamic properties resulting in different edge diffusion rates. The growth of epitaxial thin
films is a phenomenon that happens out of the thermodynamic equilibrium, since there is an
unbalance between adsorption and desorption rate for the material to be deposited [12]. MBE
growth is a good example of this out-of-equilibrium scenario where kinetics usually dominates,
once a supersaturation of material (specially chalcogens, when it comes to TMDC growth) is
supplied in order to grow films from the vapor phase. The contribution from thermodynamic
quantities, e.g. surface and interface energies, or kinetic processes affect the morphology of the
film, which in most cases will be dendritic, fractal, triangular or hexagonal. The atomic diffusion
is thermally activated, as previously discussed and the values of these activation barriers influence
island and film morphologies.
A recent study on island formation and shapes on TMDC films grown by MBE highlighted
thermodynamic and kinetics role in edge diffusion and island aggregation. Akhil Rajan et. al
discuss atom mobility with the temperature of growth and how it affects the shape of the islands
[13]. Even though the required growth conditions vary for different transition metal, they stated
that in order to achieve large ML triangular or hexagonal domains, the growth should occur at
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higher substrate temperature to promote surface adatom mobility, and lower growth rates to
increase time available for surface diﬀusion. Kinetics limitations responsible for dendritic and
fractal growth modes can be overcome at higher growth temperatures, with the increase in surface
diffusion of both the metal and chalcogen atoms. The formation of dendritic islands can be
attributed to the low mobility of adsorbed atoms, since edge diffusion is restricted at lower
temperatures. On their work on selenides, they observed that at higher growth temperatures, the
surface diffusion lengths of adsorbed atoms become larger than the islands separation, allowing
arriving atoms to diffuse into existing islands, enabling the formation of larger islands.
Chalcogens and transition metals have different ranges of melting points and vapor
pressures which require different sublimation methods and flux rate in order to get the right
composition ratio for the deposited films. In general, chalcogens have higher vapor pressures and
lower sticking coefficients than transition metals, easily reevaporating from the grown sample and
requiring a flux rate around 10 times higher than the transition metal. Joshua Hall et al investigate
how different chalcogen to metal flux ratio affects the film quality for ML MoS2 [14]. The growth
of MoS2 films on Gr/Ir(111) was done by simultaneous deposition of Mo, using an e-beam
evaporator, and sulfur, dissociated from pyrite, at substrate temperatures ranging from 100K to
500K. The authors emphasize that a post-annealing is needed to optimize epitaxy of the film. They
also discussed how the growth temperature influences the MoS2 islands shape and the availability
of sulfur due to an increase on the residence time of sulfur on graphene for lower temperatures.
Still regarding sulfur availability, at low sulfur flux rates, Mo atoms aggregate to clusters. Too
high sulfur rates favor BL islands nucleation. They also discussed the effect of different sulfur
pressure during post growth annealing as well as substrate temperature and growth time.
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Specifically, for the growth of tellurides, Knudsen cells are used to evaporate Te since it
has a high enough vapor pressure and a low melting point of 722 K. This water-cooled cell consists
of a directed heated crucible that contains Te beads. The temperature of the cell can be regulated
and thus the vapor pressure can be controlled, and Te can be released into the vacuum chamber
with a constant flux. Simultaneously, the transition metal of choice is evaporated from an
elemental source, and, in order to achieve a high enough vapor pressure, most of these metals
require an e-beam evaporation source. In this type of evaporator, thermionic electrons emitted
from a heated filament are accelerated toward the source material through a potential of a few kV,
generating a high localized heating power in a rod of the source material.
The UHV chamber used to synthesize the telluride films and doped TMDC samples in this
thesis is equipped with four home-made mini e-beam evaporators containing transition metal rods
(V, Ti, Cr, Mo) and a K cell for Te evaporation. A homemade resistive heater is used to control
the substrate temperature during the growth process. A schematic figure of this MBE chamber is
shown in fig. 2.4. The substrate is placed on the heater that can rotate make the substrate face the
deposition direction and be rotated back as soon as the deposition time is over.

Figure 2.4: Schematics of MBE chamber used to grow telluride films and dope TMDC substrates
with transition metals.
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The main variables to be optimized to improve the quality of film growth are the substrate
temperature affecting the diffusion and desorption of deposited atoms, the source temperature that
affects the flux rate and a possible post-growth annealing that allows the atoms to have enough
mobility to be rearranged in a more energetically favorable configuration. During the growth,
substrate temperature and deposition rate of all elements are kept constant. Specific growth
parameters including substrate temperature, flux rate of Te and transition metals, time of
deposition and base pressure of chamber during growth for telluride films and TMDC doped with
transition metal atoms are presented below.

2.2.1 Growth of Telluride Films

Chromium-, titanium- and vanadium telluride films were grown on MoS2 and HOPG
substrates for investigation of growth conditions in different vdW substrates and characterization
was done by STM and XPS. LEED spectra were taken on samples grown on MoS2 and G/SiC
substrates; the latter was also used for ARPES measurements of vanadium telluride films. The
substrates are prepared for growth as described in section 2.1 and kept at temperatures ranging
from 180°C to 350°C during deposition.
Telluride films must be grown under a background pressure of Te. The base pressure of
the UHV chamber before growth is ∼2×10-9mBar. After increasing the temperature of the Te Kcell to 252°C, the pressure in the chamber reaches ∼8×10-9mBar.
The transition metal rods are mounted in water-cooled e-beam evaporators. A commercial
2mm tungsten rod coated with chromium is used for chromium telluride deposition and also
commercial 2mm rods are used for titanium and vanadium deposition. The filament emission
currents and high voltage on the e-beam evaporators are set up so that heating power enables a
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metal deposition rate of ∼6×10−2 ML per minute for chromium, titanium and vanadium. Based on
the known deposition rates measured by a quartz crystal microbalance, different deposition times
are used to synthesize films as thin as sub ML with a high thickness control. Still based on the flux
rates measured with the microbalance, the Te ﬂux exceeds the metal ﬂux by a factor of ∼10. The
growth rate of the film was confirmed by analysis of the area coverage on STM images.
For samples that needed to be taken out of UHV environment for further characterization
(STEM, magnetic characterization, synchrotron measurements), a 10nm Te capping layer is
deposited on top of the sample to protect the surface from adsorbates and reactions with the
atmosphere. Te capping is carried out at RT with the same parameters for the Te source used during
telluride film growth.

2.2.2 Doping of Mo-Dichalcogenides with Transition Metal Atoms
In order to investigate if layered materials can be modiﬁed with MTB networks by
incorporation of excess Mo, we start with single crystals of MoS2, MoSe2, and MoTe2 that were
prepared as described in section 2.1. The deposition of elemental Mo was done from a high purity
2mm commercial Mo rod placed in an e-beam evaporator. Mo ﬂux is chosen so that the deposition
rate is ∼5×10−4 ML per minute, with one ML defined as the number of Mo atoms in a single layer
of Mo-dichalcogenide. The deposition rate was estimated by the length of MTBs accounted for
via STM given that one nanometer in length of a MTB contains one extra metal atom. Substrates
are kept at 350°C during MTB formation but studies on excess Mo deposited at substrates at RT
were also carried out followed by subsequent annealing at 250°C. A similar study was carried out
for incorporation of excess Ti atoms into TMDC lattice by using a high purity 2mm commercial
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Ti rod placed in an e-beam evaporator. Ti ﬂux is chosen so that the deposition rate is ∼2×10−4 ML
per minute.
In order to investigate possible formation of 2D DMS, Ti or V are deposited onto MoTe2.
The deposition of elemental V and Ti was done from high purity 2mm commercial rods placed in
e-beam evaporators. The ﬂuxes are chosen so that the deposition rate is ∼2×10−4 ML per minute
for both V and Ti. The substrate is kept at RT during deposition, unless MTB formation is desired;
in this case, the substrate is kept at 300°C. For samples that needed to be taken out of UHV
environment for further characterization, e.g. magnetic measurements, a 10nm Te capping layer is
deposited by following the same procedure as described in section 2.2.1.
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3. CHARACTERZATION TECHNIQUES

The materials studied in this thesis were grown in a UHV chamber attached to a
characterization chamber, also in UHV, that contained the following characterization techniques:
STM, LEED, XPS and ARPES, which are the main techniques used to explore the materials
properties in this work. This chapter explains these techniques in detail, discuss the advantages of
their implementation and the need for complementary computational studies and characterization
techniques, e.g. magnetic measurements via VSM, x-ray magnetic circular dichroism (XMCD)
and synchrotron based ARPES and XPS.
The main techniques explored here can be divided into three different approaches:
microscopy, diffraction and spectroscopy. Microscopy allows studies of objects that are not within
the resolution range of the normal eye by the usage of microscopes. There are three main branches
of microscopy: optical (or light), electron, and scanning probe microscopy. Optical microscopes
utilize visible light and a set of transparent lenses to allow a magnified view of the sample that can
be detected directly by the eye or captured digitally by a CCD camera. Some illumination
techniques may increase the contrast while viewing the sample and improve the quality of the
image [1]. However, some characteristics of standard optical microscopy limit its resolution to
tenths of micrometers. Electron microscopy appears as a better resolution technique once an
electron beam, with much smaller wavelength than visible light, is used in electron microscopes
[2]. The path of the electrons on the beam is guided by a set of electromagnetic lenses and the
resolution can be in tenths of angstroms. The third type of microscopy, scanning probe microscopy
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(SPM), will be the most explored in this chapter. SPMs use physical probes to access a specific
characteristic of the material that might change with their topography and translate that into image
using a computer-controlled feedback system [3]. The explored physical properties can be atomic
force, tunneling current, magnetic force, among others. SPM general operation and specificities of
STM will be discussed in section 3.1.
Diffraction is a physical phenomenon that happens when waves encounter an obstacle. It
can happen with both material and electromagnetic waves if the size of the obstacle has the same
order of magnitude than the wavelength. A diffraction pattern is formed by constructive and
destructive interference of the wave fronts after passing the obstacle. Some experimental
techniques use diffraction as the analysis tool to differentiate materials atomic structures based on
their diffraction pattern and signature. The waves/particles used can be x-ray, electrons or even
neutrons. The main diffraction covered in this thesis is LEED, which is used in order to confirm
lattice parameters and epitaxy with respect to the substrate for grown telluride films. More on
LEED will be discussed in section 3.2.
The third type of analysis technique studied here is spectroscopy. A spectroscopic
measurement is based on the interaction of an incident radiation with the sample, allowing the
measurement of the absorption/emission of radiation or electrons in the sample as a function of
energy. A spectrum generated from one of these techniques will generally be a graphic
representation describing the relation between intensity of interacting radiation or emitted
electrons versus frequency (or energy). Physical phenomena such as absorption, emission or
photoluminescence allow the investigation of energy levels from a sample. The relation between
energy of absorbed photon and emitted photoelectrons and their direction of propagation can be
used to identify the atomic composition of a sample (e.g., by XPS) and its band structure (e.g., by
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ARPES). These are the main spectroscopy techniques used in this work and discussed in sections
3.3 and 3.4, respectively.
Complementary computational and magnetic studies were carried out in collaboration with
other research groups for a complete characterization of electronic, structural, and magnetic
properties of some of the systems presented in this work. More details about these complementary
characterization methods and impact in this work are presented together with the respected data
results in chapter 4.

3.1 Scanning Tunneling Microscopy

STM is part of a broader group of characterization techniques: the scanning probe
microscopies [3]. It consists of the analysis of the interaction of a probe and the surface of the
sample. A schematic presentation of elements of a SPM technique is shown in fig. 3.1. The probe
is put close to the sample by a coarse positioning system. For a fine approach and relocating of the
probe, a piezoelectric device is used to promote a relative motion between the probe and the
sample. The sample-probe interaction is kept constant during the imaging of the sample via a
feedback loop that regulates the vertical position of the probe relative to the sample through the
piezoelectric transducers. During imaging, the sample is raster-scanned horizontally, and the
feedback signal is plotted in a 2D map as a function of the horizontal probe position, generating
an image.
Gerd Binnig and Heinrich Rohrer shared the 1986 Nobel Prize in Physics for their design
of the scanning tunneling microscope. They were looking for a technique that would perform
spectroscopy locally on an area less than 100 Å in diameter. After their first experimental data,
they realize that more than delivering spectroscopic data, the scanning would also generate
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topographic images and work as a new type of microscope [4]. They discuss all their research
challenges and ideas in their Nobel Lecture.

Figure 3.1: Elements of SPM: coarse positioning system, probe tip, feedback system, piezoelectric
transducers, computer.
In STM, the probe is replaced by an atomically sharp electrode and the interaction that is
probed is the electron current that tunnels across a vacuum gap between the electrode and sample
without making physical contact. Tunnel effect is a quantum phenomenon that describes the
possibility of an electron to overcome a potential barrier even if its total energy is smaller than this
potential. The transmission coefficient describes the ratio T of the probability flux transmitted
through the barrier to the probability flux incident upon the barrier [5]. T decreases exponentially
with the width of the barrier and the square root of the difference between the barrier potential and
electron energy. The local density of states also affects T due to the availability of states.
For the STM operation case, the width of this barrier is the distance between the tip and the
sample, which is in the order of angstroms. The barrier potential is related to the work function of
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the sample and the transmission coefficient is measured as a tunneling current. Binning et al.
described the first set of data showing the exponential distance dependence of the tunnel current,
in a tunnel junction of a W tip and a Pt sample [6]. The measured current typically varies in the
order of pico- to nanoamperes. The tunneling of the electrons can happen from the tip to the sample
or from the sample to the tip, depending on the polarity of the applied bias voltage. For a positive
bias voltage on the sample, empty electronic states of the surface of the sample are measured and
for a negative bias voltage on the sample, filled electronic states of the surface of the sample are
measured. A schematic diagram of the band variation with respect to applied bias voltage on
sample and consequent electron transfer is shown in fig. 3.2.

Figure 3.2: Bias dependence shift of bands on sample and tip. The electronic transfer happens
from the negatively biased material to the positively biased one. Hence, if the sample is positively
biased, empty electronic states are measured and if the sample is negatively biased, filled
electronic states are measured.
The tunneling current has a strong dependence on the distance between the tip and the
sample and this distance is controlled by a piezoelectric element that adjust the XY position and
height of the tip in the picometer scale. STM can operate in either constant current or constant
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height modes [7]. In the constant current mode, a current setpoint is chosen as reference. During
the scan, the tunneling current is measured and compared to the setpoint value, the feedback loop
uses the difference between the setpoint and the measured value to correct the tip-sample distance
by applying an appropriate voltage to the piezoelectric z-transducer, restoring the setpoint
tunnelling current. The voltage that is send out by the feedback loop to keep the tunneling current
constant is converted into an image on a plot as a function of the XY position of the tip. This
provides a topographical map, which is a convolution of true sample topography, variation of local
electronic density of states, and work function variations on the surface. All STM images described
in this thesis were taken by constant current mode.
In contrast, for the constant height mode, the distance between the tip and the sample is
kept constant and the changes in the tunneling current due to topographic or work function changes
are translated into image via a current map. This mode should only be used for samples with low
corrugations and in small scan areas in order to prevent the tip from crashing on the sample surface.
The constant current mode is also preferred for fast STM imaging since no feedback loop is
involved and only the change in tunneling current as a function of position is recorded.
Fig. 3.3 from ref. [8] illustrates an STM scan. The piezoelectric transducers are responsible
for moving the tip in the Px and Py directions for a line-by-line scan of the sample and in the Pz
direction as a response for the changes in the tunneling current. The tunneling current increases
when the tip approaches the A region due to the step edge. The feedback system allows the
piezoelectric transducer to reposition the tip and the change in the current is register as a
topographic feature in the STM image. Tunneling current is also altered due to the presence of a
different material with a distinct work function. Region C in fig. 3.3 represents a contamination
spot in the surface of the sample. The different work function of this region results in a
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displacement of the tip, described by the B region of the dashed line in the image, which will be
registered as a change in the contrast on the STM image. Hence, a change in contrast in an STM
image can come from either a topographic change or the presence of a material with different work
function.

Figure 3.3: Schematics of a STM scan. The piezoelectric is responsible por movements Px, Py e
Pz. The current density Jt varies with the distance from tip to sample and with the work function
of the surface. Reprinted from [8], Copyright © 1983, with permission from Elsevier.
STM tips are usually made of W or Pt/Ir. Here we describe the fabrication of W tips. They
are made by electrochemically etching a W wire. A metal ring is assembled at the surface of a
NaOH solution of 17g of NaOH dissolved in 100ml of water. The ring is set to a negative bias of
8V while the W wire is assembled vertically in the center of the ring partially submersed in the
NaOH solution and set to a positive bias. The OH- ions from the solution are accelerated and etch
the positively biased W wire by creating a WO2 byproduct. An ammeter measures the flow of ions
from the solution to the tip and when the etching is finished, the current drops to zero.
Simultaneously to the drop of the current, the W wire is removed from the solution and washed
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with DI water. The quality of the tip is checked by optical microscopy. The tip should be sharp
and symmetric. A good STM tip would ideally have a one-atom termination and not be too long
so that vibration during scanning is avoided.
The RT STM images described in this thesis were acquired in an Omicron Technology
STM 1 system under UHV conditions. LT STM images were acquired on a Helium cooled RHK
Inc STM UHV system. The samples are transfer from the MBE growth chamber to the LT STM
chamber using a vacuum suitcase that keeps the sample under UHV during the transport.

3.2 Low Energy Electron Diffraction

LEED is a diffraction technique that gives information about the crystal structure of the
surface of the sample. A diffraction pattern is a signature of the unit cell in the reciprocal space,
and it can be related to the real space unit cell by a straightforward conversion between lattice
vectors. If a1, a2 and a3 are real space vectors and b1, b2 and b3 are reciprocal space vectors, the
relation between them can be described by
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Hence, by measuring the reciprocal unit cell, one can identify the real unit cell of a crystal. The
unit cell of a grown film is usually compared to the known unit cell of the substrate in a LEED
pattern taken at the same energy for calibration.
The bright spots on a LEED pattern are the positions in reciprocal space in which the Laue
condition is fulfilled [9]. Considering 2D surface diffraction patterns, an incident radiation will be
diffracted by a crystal structure, by means of constructive interference, if the incident and scattered
wavevectors k and k’ relate to a general reciprocal lattice vector Gmn as follows:
⃗ − ⃗⃗⃗
(𝑘
𝑘 ′ ) = ⃗⃗⃗⃗⃗⃗⃗⃗
𝐺𝑚𝑛
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with m and n being integers. For the case of elastic scattering considered here, the modulus of
incident and scattered wavevectors are the same (k = k’). The set of solutions for this relation
consist of rods that cross the Ewald sphere, a geometrical construction with radius equals to k (see
fig. 3.4). For each intersection point, one will get a diffraction spot in the LEED pattern.

Figure 3.4: Ewald sphere construction for identification of diffraction spots of a 2D lattice.

The experiment setup used for LEED experiments is illustrated in fig. 3.5 and it is divided
into three main parts. The first one is the electron gun that produces a focused electron beam to be
directed towards the sample. The energy of the electrons varies from 0 to ~500eV and the diameter
of the beam is ~1mm; however, the effective probing area is related to the coherence zone [10]
that is usually in a range from 10 to 100nm. In other words, if a sample presents a periodic order
within this range, a LEED pattern will be observed and steps, defects and surface imperfections
will only be accounted for as a background intensity.
The second component is a goniometer used as a sample holder. The sample is positioned
into the goniometer and allowed to translate in the x, y and z directions and to rotate around the x
and z axes. By accessing all these degrees of freedom, the whole surface of the sample can be
probed, and the diffraction pattern can be aligned as desired.
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Figure 3.5: LEED experimental set up consisting of an electron gun, goniometer, sample holder
and fluorescent screen with electronic grids. A negative bias is applied between grids G1 and G2.
A positive bias is applied between G3 and the screen.

The third and most complex component is the hemispherical fluorescent screen and its
electronic grids. After the e-beam hit the surface of the sample, electrons are scattered, elastically
or inelastically, and travel through vacuum until they reach grid G1. A negative voltage is applied
between G1 and G2, repelling the majority of the inelastically scattered electrons. Hence, only
elastically scattered electrons reach G3. A positive bias is applied between G3 and the fluorescent
screen, accelerating the electrons towards the screen, which is kept at a voltage of ~ 5-6 KV. The
points on the screen hit by the electrons emit photons, generating a LEED pattern of bright spots
which can be interpreted as the reciprocal lattice rods intersecting the Ewald sphere, giving
information about the crystal structure of the surface of the sample. The distance between the
spots on the screen is influenced by the energy at which the diffraction pattern is taken. For higher
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energies, a larger reciprocal vector acts as the Ewald sphere radius and higher diffraction order
spots are visible on the LEED screen.
The LEED pattern images shown in this work were taken in situ with an Omicron
SpectaLEED control unit and the energies used in each experiment are specified together with the
results in chapter 4.

3.3 X-ray Photoelectron Spectroscopy

XPS, previously called electron spectroscopy for chemical analysis (ESCA), was
developed in Sweden in the l960s by Kai Siegbahn and his research group. Siegbahn was awarded
the Nobel Prize for Physics in 1981 for his work [11]. Over the years, XPS became an important
characterization tool for chemical composition, investigation of presence of elements, and
identification of charging states, especially when considering surface studies. Being a
spectroscopic measurement, XPS utilizes the interaction between photons from an x-ray radiation
source with the studied sample and emitted electrons as the investigation tool. The generated
spectrum corresponds to the number of detected electrons per energy interval versus their kinetic
energy, which is then repurposed as binding energy, as will be explained in the next paragraphs.
Depending on the elements present on the sample, different peaks appear on the spectrum.
Electrons have a very small mean free path inside the solid, which means that the detected
elastically scattered electrons originate mainly from the top atomic layers, making XPS a surface
sensitive technique for chemical analysis [12]. The area, shape and position of the peaks also
enable a path for identification of chemical states.
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The photoelectric effect is the phenomenon behind XPS operation. When photons are
incident on a sample, an electron can absorb a photon of energy ℎ𝜈 and escape from the solid with
a kinetic energy that depends on a couple of physical variables as follows:
𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏𝑖𝑛 − ∅
where ℎ𝜈 is the energy of the incident photon, Ebin is the binding energy of the electron and ∅ is
the work-function of the material. A schematic representation of the photoelectric process is shown
in fig. 3.6(a).

Figure 3.6: Schematic illustrations related to XPS operation. (a) Energy levels involved in the
photoelectric effect. (b) Hemispherical analyzer used for the measurements of the kinetic energies
of photoemitted electrons. (c) Energy diagram of bands alignment between sample and analyzer.

The kinetic energies of the emitted electrons are measured by a hemispherical analyzer,
which schematic illustration is shown in fig. 3.6(b). It consists of a hemispherical capacitor with a
specific voltage difference between the plates. When the electrons photoemitted by the sample
cross the focusing lenses system and slit aperture of the analyzer and enter the region with the
electric field created by the capacitor, they are deflected and only electrons with specific kinetic
energies will reach the detector without hitting the walls of the analyzer.
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For an accurate calibration of kinetic energies of the emitted electrons measured by the
detector and their related binding energies, the work function of the analyzer must be taken into
consideration. A representation of the energy diagram of the sample and the analyzer is shown in
fig. 3.6(c). An electric contact between the sample and the analyzer is needed to prevent charging
from the sample, which is emitting electrons and would become positively charged otherwise [13].
This undesirable sample charging would alter the speed of the emitted electrons and, consequently,
both their kinetic and measured binding energy. By creating an electric contact between the sample
and the analyzer, the Fermi levels are equalized, and an accurate measurement of the kinetic energy
is possible, as well as the calibration of the work function of the analyzer. The difference in the
work function of the analyzer and the sample is given by ∆∅ = ∅𝐴 − ∅. By considering both the
photoelectric effect equation described above and ∆∅, one can describe the initial binding energy
of an emitted electron as follows:
𝐸𝑏𝑖𝑛 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − ∅ − ∆∅ = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − ∅ + ∅ − ∅𝐴
𝐸𝑏𝑖𝑛 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − ∅𝐴
Hence, once calibrating the work function of the analyzer by using a well know sample, one can
measure the binding energy values of emitted electron from studied samples and have a signature
of their chemical composition.
When XPS is not performed in a synchrotron facility, the common sources of x-ray used
are the Kα lines of either Aluminum or Magnesium anodes, with respective photoenergies of ℎ𝜈 =
1486.6𝑒𝑉 and ℎ𝜈 = 1253.6𝑒𝑉. Due to the high photoenergies of the radiation sources, XPS access
inner states and provides a signature of the core levels of the atoms. If there is a need for
photoenergy variable experiments or higher resolution spectra, XPS can be performed in a
synchrotron facility, where the photoenergy can be tuned in a range from 100 to 1500eV.
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Moreover, by using monochromators in the beamline, the energy resolution of the spectrum
increases due to a smaller energy width on the monochromatized radiation.
An accurate spectral analysis needs to take into consideration the different cross sections
and sensitivity factors of each element for a specific x-ray source. The cross section relates to the
probability of a transition from a specific atomic orbital state to happen and it varies with the
photoenergy of the incident radiation and the atomic level considered. Experiments using
synchrotron radiation can tune the sensitivity by the choice of a photoenergy in which the desired
cross section is larger. The elemental sensitivity factor [14] is a function of the cross section and

Figure 3.7: Relative sensitivity of different elements for a Mg or Al x-ray source. Reproduced with
permission from ref. [13], Copyright © 2006, Springer.
relates the peak areas to the numbers of atoms in a detected volume. The use of sensitivity factor
in XPS data analysis is essential for proper determination of sample composition. The graph in fig.
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3.7 shows the approximate relative sensitivity factor of the different elements for a Mg or Al x-ray
source. A chemical analysis of the spectrum will also include the identification of the peak position
and its shift with respect to the expected value. A shift in the peak position is a signature of a
charge state variation of the atoms arising from differences in electronegativity.
For a complete investigation of peak position, presence of different components of the
same element or ratio of quantity of different elements present in the sample, the peaks on acquired
spectrum should be fitted using a graphic analysis software (CasaXPS, Igor and Origin are the
common options). The main fitting aspects to be considered during a peak fit are: (i) presence of
doublet peaks due to spin-orbit splitting components. These doublet peaks present specific area
ratios based on the degeneracy of each spin state. For p orbitals, the ratio for the spin orbit peaks
(p1/2:p3/2) is 1:2. For d orbitals, the ratio for the spin orbit peaks (d3/2:d5/2) is 2:3. For f orbitals, the
ratio for the spin orbit peaks (f5/2:f7/2) is 3:4. (ii) the expect number of convoluted peaks related to
contributions from different oxidation states of the element. (iii) a background subtraction to
disregard any unwanted contributions arising from secondary inelastically scattered electrons. The
most common shapes of background subtractions are linear, Shirley and Tougaard. (iv) the
Gaussian to Lorentzian ratio, asymmetry, and full width at half maximum; all use to mandate the
shape of the peak. The Gaussian shape contribution comes from the spectrometer and the
Lorentzian shape contribution comes from both the core level line-shapes and the Kα X-ray source.
The asymmetry behavior of a peak can come from either a vibrational state or unfilled electronic
levels, depending on the nature of the material. A possible broadening of the peak can also be
observed due to the energy spread of the x-ray source and the analyzer resolution. It is important
to point out that, when fitting similar peaks, one should keep the variables that dictate the shape of
the peak unchanged for a more realistic analysis.
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The XPS data to be presented in this work was taken using a dual-anode X-ray source with
a non-monochromatized Al Kα radiation and the spectra were acquired using a Scienta Omicron
R3000 model hemispherical analyzer. In the case of XPS, the radiation is an x-ray beam, whereas
for similar techniques other radiations can be used to explore the same phenomena (such as the
use of ultra-violet radiation in ultraviolet photoelectron spectroscopy (UPS) and ARPES, discussed
in next section 3.4).

3.4 Angle Resolved Photoemission Spectroscopy

ARPES, as XPS, is a technique based on photo electric effect for its operation, with the
addition that it requires an angular resolution of the photoemitted electrons momentum and the
difference that it utilizes ultraviolet radiation as the photons source. Due to the small value of the
electrons mean free path in solids after the incidence of ultraviolet (UV) radiation, ARPES is
considered to be a highly surface sensitive technique, which makes it an ideal tool for the
investigation of the electronic structure of 2D materials [15]. When disregarded the angular
dependence, ARPES data is presented in a spectrum form of UPS as the number of detected
electrons per energy interval versus their binding energy. The detected photoelectrons are mainly
originated from the orbital levels in the valence band region, due to their larger cross-section when
using an ultraviolet radiation source. Also, the lower kinetic energy of the emitted electrons allow
a higher momentum resolution for ARPES spectra.
There are three main sources of UV radiation used in ARPES [16]: Laser, gas discharge
lamp and synchrotron. Laser-based ARPES uses photoenergy of ~6eV which allows only a small
range of measurement in momentum space, although with high resolution due to the
monochromatic radiation. The option of gas lamp discharge as a UV source provides discrete photo
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energies of 21.2 eV (He-I line) and 40.8eV (He-II line) when helium is used as the discharge gas.
It is the most used source for good resolution and larger momentum range when experiments are
not carried out at a synchrotron facility. For synchrotron radiation, a more intense and highly
focused photon flux assures a high-quality data acquisition regarding resolution and spectral signal
to noise ratio. Moreover, the ability of tuning the photoenergy expands the possibility of types of
data acquisition, with the usual range of photoenergy used being from ~20 to ~200eV.
The band structure of occupied states of the studied sample can be determined by the
ARPES spectrum, as it provides the reciprocal space relation between the in-plane momentum of
the photoemitted electrons and their binding energy. A mapping of the Fermi surface is also
possible by measuring the 2D spatial distribution of the momentum of the emitted photoelectrons
for to a specific photoenergy at the Fermi level. In the case of a measurement done in a synchrotron
facility, the photoenergy can be tuned in order to access the out-of-plane momentum of the
photoemitted electron and respective band dispersion in the z-direction.

Figure 3.8: Schematic illustrations related to momentum conservation on ARPES operation. The
k and K vectors represent the momentum of the electron inside and outside the sample,
respectively. (a) A photoelectron is emitted with momentum K, that can be described by its
coordinates K// and K⊥. (b) Diagram of momentum conservation involving the momentum of the
electron before and after crossing the surface of the sample.
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By combining requirements from photoelectric effect and energy and momentum
conservation, an explanation of the ARPES experiment and related equations follow. Fig.3.8(a)
shows the momentum vector K and its coordinates for the photoemitted electron while fig.3.8(b)
shows a diagram of the vectors’ coordinates involved in the conservation of momentum during the
photoelectric effect. The same equation discussed for the XPS case is valid here for the binding
energy (and kinetic energy) of the emitted electron. Moreover, the parallel momentum of the
electron is conserved during the photoemission process and it only depends on its emission angle
θ and kinetic energy 𝐸𝑘𝑖𝑛 . On the other hand, the perpendicular momentum is altered by the inner
potential 𝑉𝑖𝑛 of the sample when the electron is excited out of the surface. Quantitatively, the
kinetic energy of the photoemitted electron is given by
𝐸𝑘𝑖𝑛 =

ħ2
(𝐾 2 + 𝐾⊥ 2 ) − 𝑉𝑖𝑛
2𝑚 //

and due to momentum conservation of the parallel momentum and the effect of the inner potential
in the perpendicular momentum, the coordinates of the momentum of the photoemitted electron
are given by
𝐾// =

𝐾⊥ =

√2𝑚𝐸𝑘𝑖𝑛
sin 𝜃
ħ

√2𝑚(𝐸𝑘𝑖𝑛 𝑐𝑜𝑠 2 𝜃 + 𝑉𝑖𝑛 )
ħ

Experimentally, the kinetic energy and the emission angle of the photoelectron are measured by
the analyzer; the photoenergy, the work function of the analyzer, and the mass of the electron are
known; the binding energy and momentum of the photoelectron can be then calculated and plotted
in the ARPES spectrum.
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There is a clear dependence on the momentum measured and the chosen photoenergy (that
affects the final kinetic energy). For a given photoenergy, a specific 𝑲⊥ will be measured which
corresponds to a distinct region in the reciprocal space. Therefore, a 3D mapping of the Fermi
surface can be carried out by tuning the photoenergy. 2D cuts of the Fermi surface can be measured
by changing the photoenergy (and consequently the perpendicular momentum). For the case of 2D
materials, there is no dependence of the Fermi surface to the perpendicular momentum, as the
Fermi surface is two-dimensional and does not vary with the photoenergy.

Figure 3.9: (a) 3D representation of possible ARPES measurements at a constant photoenergy.
The top side of the cube represents the 2D Fermi surface with a full scanning over the possible
azimuthal and polar angles (∅ and 𝜃, respectively). (b) Line profiles EDC and MDC taken from
an ARPES 2D spectrum. Panel (a) is adapted with permission from ref. [17], Copyright © 2019,
American Chemical Society.

For a constant photoenergy, fig.3.9(a) shows a 3D representation of the possible ARPES
measurements that can be done. By keeping the biding energy constant and scanning over both the
azimuthal angle ∅ and polar angle 𝜃, a cut on the Fermi surface is acquired (top part of the cube
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shown in fig.3.9 (a)). By keeping the azimuthal angle ∅ constant and varying both polar angle 𝜃
and the binding energy, a band dispersion for a specific direction in the BZ, which is determined
by setting a value for ∅, is obtained (front face of the cube in fig.3.9(a)). All vertical cuts for band
dispersions can be acquired by varying 𝜃 and ∅ accordingly.
There are two main line profile measurements that can be extract from the ARPES
spectrum (presented in fig.3.9(b)). They are: momentum distribution curves (MDC) and energy
distribution curves (EDC). On MDC, a line profile at a constant energy is determined and the
spectrum shows the intensity at different parallel momenta. On EDC, a line profile at a constant
parallel momentum is determined, and the spectrum shows the intensity at different binding
energies. A UPS spectrum is the integral of all EDC data of a ARPES spectrum disregarding the
parallel momentum at which the EDC was taken. Both line profiles make great contributions for
the analysis of the electronic properties of the sample, band gap measurements and band dispersion
characterization.
The ARPES data shown in this work for VTe2 was taken using a refocused VUV Hedischarge lamp using the He−I line and the measurements were taken with the sample at RT. The
same Scienta Omicron R3000 analyzer described in XPS measurements was used with an ARPES
software configuration.
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4. RESULTS AND DISCUSSION

The results presented in this chapter are divided into four main sections. Content that has
already been published in scientific journals will be referred throughout the chapter as needed with
their respective rights and permissions for publication. Section 4.1 presents results on intercalated
compounds of early transition metal tellurides (Cr-, Ti- and V- Te systems). Section 4.2 discuss
the ML regime of materials presented in 4.1 and their compositional change to 1T TMDC structure.
In section 4.3, the formation mechanism of MTB in some TMDCs is explained based on the
incorporation of extra molybdenum atoms into MoTe2 and MoSe2 lattice. Section 4.4 focus on
diluted magnetic defects on TMDCs and how a ferromagnetic behavior can be induced in MoTe2
by the incorporation of extra Vanadium atoms.

4.1 Intercalation Compounds of Early Transition Metal Tellurides

The possible compositions for intercalation compounds of early transition metal tellurides
were discussed in section 1.2.1. For the studied cases of Cr-, Ti- and V- Te systems, M5Te8, M2Te3
and M3Te4 (M= Cr, Ti, or V) are stable phases that can be described as MLs of MTe2 with 1/4, 1/3
and 1/2 ML of extra M atoms intercalated in the gap, respectively. The systems studied here were
synthesized by MBE and characterized in situ by STM and LEED. Complementary
characterization was carried out by some of our collaborators using TEM as well as DFT
calculations in order to further confirm our results regarding the atomic structures and
compositions of these early transition metal telluride systems. The figures and text that follow
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were extracted and adapted with permission from ref. [1], Copyright © 2019, American Chemical
Society and from ref. [2], Copyright © 2020, American Chemical Society.
The first row early transition metal tellurides (VxTey, TixTey, and CrxTey) were grown by
co-deposition of the transition metal and tellurium in an UHV MBE chamber on vdW substrates.
In this study, we use HOPG and MoS2 substrates. The substrates are freshly cleaved in air and
subsequently outgassed in vacuum at 300 °C for at least 2 hours before growth. MoS2 substrates
are synthetically grown commercial single crystalline samples. V, Ti and Cr are evaporated from
a mini e-beam evaporator, while Te is co-deposited from a K-cell. The Te flux exceeds the
transition metal flux by a factor of ~10. Intercalated compounds were grown at the substrate
temperature between 300 °C and 350 °C. The growth rate of all the TMDCs studied here was
adjusted to ~ 1ML/15min.
The first system to be discussed in this section is VxTey. In the bulk, VTe2 adopts a
distorted 1T structure below 480 K, known as the 1T’’ structure [3]. Importantly, we found that
the VxTey multilayer exhibits a 2×1 structure. The summary of LEED and STM studies for VxTey
MBE grown multilayer sample grown on MoS2 substrate is shown in fig.4.1 together with
additional DFT simulations of structure and STM image. The multilayer structure was initially
interpreted as a 1T’ structure because this would give a similar 2×1 superstructure [1]. However,
no 1T’ structure is known for VTe2, and the known 1T’’ of bulk VTe2, which should exhibit a 3×1
superstructure, was never observed in MBE grown multilayer films. DFT simulations computed
values of the total energy per atom of the M5Te8, M2Te3 and M3Te4 composites for BL
configurations. Among these compositions, the M3Te4 is the energetically most favored structure
for the BL, which is shown in fig.4.1(a) for V3Te4. It is reasonable to believe that the phase we
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observe in fig.4.1 is V3Te4 considering that the V3Te4 intercalation compound is a prominent phase
in the vanadium telluride phase diagram, and our DFT calculations also show that the V3Te4-like

Figure 4.1: STM and LEED study of VxTey MBE grown multilayer sample grown on MoS2. (a)
2×2 LEED pattern, indicative of three domains of a 2×1 reconstruction and DFT calculation of a
BL VTe2 with ½ layer of V intercalated. (b) Large scale STM image showing multilayer character
of the sample. (c) Small scale image showing a region of co-existence of three equivalent 2×1
domains highlighted by blue, yellow and green lines. (d) A simulated STM image of the structure
in (a) superimposed on the experimental data. STM imaging conditions (sample bias, tunneling
current): (b) 1.2 V, 0.7 nA, (c)0.4 V, 1.1 nA, (d) -0.1 V, 2 nA. Adapted with permission from ref.
[1], Copyright © 2019, American Chemical Society and from ref. [2], Copyright © 2020,
American Chemical Society.

BL structure has the lowest total energy among the intercalation compounds. The intercalated
atoms cause a buckling of the TMDC layer of about 0.45 Å. Atomically resolved STM image in
fig.4.1(c) shows three rotated domains of the 2×1 structure, consistent to the 2×2 LEED pattern
observed. A simulated STM image also shows corrugation that is in close agreement with the
experimental data as shown in fig.4.1(d). Thus, the STM characterization of the multilayer films
is consistent with the formation of an intercalation compound.
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Finally, we also conducted cross-sectional STEM studies of multilayer films to evaluate
the lattice parameters and the results are shown in fig.4.2. Both the in-plane lattice constant as well
as the interlayer separation measured in STEM are consistent with an intercalation compound.
However, the intercalated compound cannot be determined only by the STEM data but as a
combination with STM, LEED and DFT studies.

Figure 4.2: (a) Cross-section STEM image of VxTey and (b) respective FFT pattern. d* and a*
represent the reciprocal vectors of the intercalated compound. (c) Table of lattice constant values
calculated by DFT for different compounds vs. TEM measurements. Reprinted with permission
from ref. [2], Copyright © 2020, American Chemical Society.

The second system investigated is CrxTey. Previous reports of MBE growth of chromium
telluride mainly resulted in Cr2Te3 [4][5], showing that MBE grown multilayer films are expected
to form an intercalation compound. Those studies were carried out mostly for thicker films (~100
nm) and characterized by XRD or TEM. A previous STM study of MBE grown Cr-telluride only
showed large-scale terrace structures without detailed atomic-scale information [6]. Here, we grow
Cr-telluride on vdW substrates, either HOPG or MoS2 at a growth temperature of 350°C. On MoS2,
we obtain excellent epitaxial growth (vdW epitaxy) and LEED characterization in fig.4.3(a) shows
a 2×2 structure with respect to a hexagonal lattice, consistent with either Cr5Te8 or Cr3Te4 crystal
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structure, since a 2×2 hexagonal LEED pattern cannot distinguish between a true 2×2 structure or
the superpositioning of three rotational 2×1 domains. For few-layer films, diffraction spots from
the MoS2 substrate are also still visible, indicating the crystallographic alignment of the chromium

Figure 4.3: STM and LEED study of CrxTey MBE grown multilayer sample at growth temperature
of 350°C. (a) LEED of BL CrxTey on MoS2 substrate and side view of the DFT calculated crystal
structure of a BL CrTe2 with 1/2 layer of Cr intercalation. (b) Large scale STM and line profile of
a partially covered HOPG substrate with CrxTey film. The line profile indicates a BL height step
of 1.2 nm for the first layer. (c) High-resolution STM of the BL regions with two rotational
domains. (d) High-resolution STM showing 2×1 structure with overlaid simulated STM image for
the structure shown in (a). STM imaging conditions (sample bias, tunneling current): (b) 1.4 V,
0.9nA, (c) 1.4 V, 0.9 nA, (d) 0.1 V, 0.7 nA. Reprinted with permission from ref. [2], Copyright ©
2020, American Chemical Society.

telluride film with the substrate. Large shown in fig.4.3(b), exhibit areas that expose the substrate.
The line profile presented at the top of the image indicates that the first terrace has a height of ~
1.2 nm and subsequent terraces increase in steps of ~0.6 nm. This suggests that at this growth
temperature, chromium telluride does not grow as a single layer TMDC, i.e., CrTe2, but the first
layer that forms, is already an intercalated BL. Only subsequent terrace-steps are the height of an
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additional TMDC layer (with an intercalated Cr-layer), i.e., steps of ~ 0.6 nm. The fact that the
first terrace is already an intercalation system is demonstrated by high-resolution STM, shown in
fig.4.3(c). The STM image clearly resolves a 2×1 structure and not a simple hexagonal structure
as would be the case for a 1T-CrTe2 layer. The same 2×1 structure is observed for all subsequent
layers up to the thickest films grown in this study of about 10 layers. As expected, we also observe
rotational domains of the 2×1 structure in the STM images, shown in green and blue.
While the symmetry of the STM images is in agreement with an extra 1/2 ML of metals
intercalated, i.e., Cr3Te4 structure, we also performed DFT calculations of the structure and
simulated its STM images to confirm the agreement between STM images and composition. The
bottom part of fig.4.3(a) shows the relaxed structure for a BL with 1/2 ML of extra Cr atoms in
the gap. The intercalated atoms cause a buckling of the TMDC layer of about 0.2Å. This
topographic corrugation of the surface is also likely to cause the 2×1 contrast in STM. A simulated
STM image overlaid with an experimental image is shown in fig.4.3(d) and shows good agreement
between experiment and calculation.
The values of interlayer separations d and in-plane lattice constants a for different
chromium telluride intercalation compounds were calculated by DFT and summarized in
fig.4.4(c). Similar STEM studies to those conducted for VxTey samples were conducted here to
evaluate CrxTey lattice parameters and are shown in fig.4.4. The FFT pattern in panel (b) represent
the reciprocal unit cell vectors d* and a* of the STEM image. The FFT is used to determine the
real space unit vectors d and a, which are given in fig.4.4(c) as measured values together with
lattice parameters calculated by DFT. These measurements further support that the multilayer is
an intercalation material and not a TMDC. However, the small differences between the lattice
constants of the various intercalation compounds and similar atomic structures projected along this
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direction do not allow a conclusive determination of the composition of the intercalants if analyzed
separately; the STM and LEED data previously shown are essential for a fully reliable conclusion
about the compositional phase of this sample.

Figure 4.4: (a) Cross-section STEM image of CrxTey and (b) respective FFT pattern. d* and a*
represent the reciprocal vectors of the intercalated compound. (c) Table of lattice constant values
calculated by DFT for different compounds vs. TEM measurements. Reprinted with permission
from ref. [2], Copyright © 2020, American Chemical Society.

The third early transition metal telluride studied here is TixTey. Studies on ultrathin TiTe2
has attracted interest because of their electronic structure variation from ML to bulk regime. More
on the ML regime of TiTe2 is discussed in section 4.2. A precise determination of the lattice
constants by synchrotron XRD [7] in a previous study from another group revealed that the lattice
constant slightly varied from the expected values of TiTe2. This led the authors to conclude that
the film was strained through substrate effects, and it was proposed that this strain induces a CDW
instability, as their STM images showed a 2×2 reconstruction. However, their measured lattice
constants are very close to the intercalation compound Ti5Te8 or Ti3Te4, which would also exhibit
a 2×2 or 2×1 superstructure in the basal planes with respect to the TiTe2 hexagonal plane. Hence,
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the intercalation of excess Ti should be considered as a possible alternative explanation for the
observed 2×2 structure. In the specific case of titanium telluride, TiTe2, Ti3Te4, Ti2Te3, and Ti5Te8
are all known phases and should be considered as potential phases that can be obtained during
MBE growth.
Here, we investigate the growth of titanium telluride by MBE on vdW substrates to
elucidate the possibility for the formation of intercalation compounds. Multilayer samples exhibit
contrast variations on the atomic scale with some short-range order, e.g., a dominance of ‘brighter’
atoms aligning in a row, but no long-range periodicity is observed. This lack of long-range
periodicity is observed in LEED (fig.4.5(a)) for multilayer films grown on MoS2 substrates that
continue to exhibit only 1×1 diffraction spots. However, STM indicates clear corrugations that are
on a short scale a 2×1 or 2×2 structure, as shown in fig.4.5 (c) and (d). Furthermore, the corrugation
of these short-range modulations is much weaker, as predicted by DFT calculations and shown on
the calculated crystal structure for Ti3Te4 at the bottom part of fig.4.5(a). It is apparent from the
calculated structure that the intercalant induced buckling of the surface is much reduced compared
to the same compositions for V- and Cr- tellurides, based on DFT calculated buckling in the surface
layer for the MxTey compounds. This weak buckling also gives rise to very small contrast
differences in simulated STM images, shown in fig.4.5(d). Consequently, the experimental STM
data are consistent with the presence of intercalated Ti-atoms in multilayer Ti telluride.
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Figure 4.5: STM and LEED study of TixTey MBE grown multilayer sample grown on MoS2. (a)
LEED pattern showing a 1×1 pattern, indicative of a lack of long-range periodicity for multilayer.
DFT calculation of a BL TiTe2 with ½ a metal layer intercalated. The intercalant induced
corrugation of the surface layer is much reduced compared to equivalent structures of V- or Crtellurides. This also causes an only very weak contrast in the simulated STM image shown in gray
in (d). (b) Large scale STM image showing multilayer character of the sample. (c) Small scale
image showing some structural modulations consistent with local ordering in a 2×1 structure. (d)
A simulated STM image of the structure in (a) superimposed on the experimental data. STM
imaging conditions (sample bias, tunneling current): (b) 1.2 V, 0.7 nA, (c) -10 mV, 0.7 nA, (d) 100
mV, 0.9 nA. Reprinted with permission from ref. [2], Copyright © 2020, American Chemical
Society.

It was shown in this section that early-transition metal (Ti, V, and Cr) telluride intercalation
compounds can be grown by vdW epitaxy on dissimilar vdW substrates, which indicates their
potential for the synthesis as vdW heterostructures. A related studied on the synthesis and
characterization of ML films on these early transition metal tellurides and their comparison to the
multilayer systems in presented next, in section 4.2.
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4.2 Transition Metal Ditellurides in the Monolayer Regime

As previously discussed, early transition metal tellurides present stable phases of
intercalated compounds. In order to form any of these intercalation compounds, two TMDC layers
are needed to sandwich the ‘extra’ transition metals. Thus, if one succeeds in reducing the growth
to a single layer, one may obtain TMDCs while for multilayers, the formation of TMDCs may
compete with the formation of these intercalation compounds.
As mentioned before for the TMDC of the V-Te system, VTe2, bulk samples are known to
present a 3×1 reconstructed surface and, only at higher temperatures (above 480 K), the undistorted
1×1 surface is observed. Prior to our studies presented in ref [1], no evidence of MBE grown VTe2
ML was observed. Here, we present our results on the synthesis of a ML of VTe2 and experimental
investigation based on STM, LEED, XPS and ARPES. Compared to the results shown for the
multilayer film of V3Te4, s structural modification occurs when the film thickness is reduced to a
single layer. Fig.4.6(a) shows STM images of an almost complete ML, which grows perfectly
without nucleation of second layers. Atomic-resolution image in fig.4.6(b) show that the structure
is a simple hexagonal structure, consistent with a 1T structure. The LEED pattern fig.4.6(c) also
exhibits a hexagonal structure. In addition to the LEED spots originating from the VTe2 ML, the
diffraction spots from the MoS2 substrates are also identified. Using the known lattice constant of
MoS2 (aMoS2=0.316nm), we measure a lattice constant for VTe2 of aVTe2=0.36 nm, which is close
to the expected lattice constant for bulk VTe2, indicating that VTe2 grows unstrained by vdW
epitaxy on MoS2. To confirm that the structure is 1T VTe2, we performed ARPES on a VTe2 ML
grown on a bi-layer graphene/SiC substrate along the Γ-K-M direction (fig.4.6(e)) and compared
it to electronic structure calculations by DFT. Although the graphene is single crystalline, the
grown VTe2 is not in perfect epitaxial relationship, as the LEED pattern shown in fig.4.6(d).
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Nevertheless, the preferential alignment is sufficient to obtain good quality ARPES data,
consistent with other ARPES studies on such vdW systems.

Figure 4.6: Characterization of ML VTe2. (a) Large scale STM image of an almost complete ML.
(b) Atomic resolution of an undistorted hexagonal lattice. (c) LEED diffraction pattern with both
the diffraction spots of VTe2 and MoS2 substrate. (d) LEED diffraction pattern of a VTe2 ML on
G/SiC substrate showing a preferential alignment with some rotation between film and substrate.
(e) ARPES measurements of a VTe2 ML on G/SiC substrate along the Γ-K-M direction. (f)
Comparison to DFT band structure calculations for a 1T-VTe2 ML shows close agreement with
ARPES measurements, indicating that the film is indeed 1T-VTe2. STM imaging conditions (sample
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bias, tunneling current): (a) 0.9 V, 0.5 nA, (c) 200 mV, 1.3 nA. Adapted with permission from ref.
[1], Copyright © 2019, American Chemical Society.

The DFT band structure calculated for the 1T phase overlays with the ARPES spectrum
for VTe2, showing a good agreement between calculated and experimental data (fig.4.6(f)),
verifying the 1T crystal structure of the ML. Close to the Γ-point, a strong V-derived flat-band is
observed close to the Fermi-level that turns above the Fermi-level at around the half-way point in
the Γ-K direction. Two Te-5p derived hole-pockets are close to the Fermi-level at the Γ-point and
disperse downwards in the Γ-K direction. At the M-point the V 3d band forms an electron pocket.
The same band structure for VTe2 can be identified for the sample grown in MoS2 substrate as
well, indicating that the same 1T phase is preferred on both substrates.

Figure 4.7: (a) Experimentally determined 4×4 CDW reconstruction of VTe2 in STM at 20 K. (b)
Simulated STM image of a 4×4 CDW. (c) Calculated phonon dispersion for 1T ML. The 1T phase
exhibits negative frequencies at half distance between Γ and M indicating an instability of the 1T
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ML with a 4×4 periodicity. (d) Layer dependent XPS spectra of V2p and Te3d used to compare
the change of the Te/V peaks intensities and positions as a function of film thickness for VTe2 ML
and VxTey multilayer grown on HOPG. Adapted with permission from ref. [1], Copyright © 2019,
American Chemical Society and from ref. [2], Copyright © 2020, American Chemical Society.

To explore the structural stability of these phases of VTe2, our collaborators performed
phonon-dispersion calculations by DFT. Fig. 4.7(c) shows that the 1T phase exhibits negative
frequencies indicative of imaginary phonon modes. Such a phonon instability is suggestive of a
CDW transition. The negative modes appear around half-way between Γ-M in the Brillouin zone,
which would correspond to a 4×4 distortion in the structure. The prediction of a CDW instability
is confirmed by STM at 20 K, which shows a clear 4×4 superstructure. The distorted phase has an
energy 20meV/atom lower than perfect 1T structure. The simulated STM image of this CDW
structure, in fig.4.7(b) is in good agreement with experimental data (fig.4.7(a)).
Further support for a transition from an intercalation compound in the multilayer regime to
the VTe2 composition in the ML comes from a compositional analysis by XPS. In this analysis,
we compare the change of the Te/V peak intensities as a function of film thickness, only comparing
the relative change in the composition and peak position. Fig.4.7(d) shows XPS spectra for V2p
and Te3d with Shirley background and fitted peaks. The Te/V area ratio decreases with increasing
film thickness, which is consistent with vanadium being intercalated in between TMDC layers,
given rise to higher V concentration with increasing film thickness compared to pure TMDC MLs.
However, the change in XPS measurements (of around 20% difference in the Te/V area ratio from
ML to multilayer sample) appears to be somewhat smaller than anticipated for the expected V3Te4
intercalation compound. This may be related to background subtraction in the V spectrum which
is generally challenging because of the presence of shake-up satellite in the V2p spectrum. In
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addition to a change in the Te/V area ratio, we also observe a shift of the V2p (~-0.3 eV) and Te3d (~0.4 eV) peaks to lower and higher binding energies, respectively, as a function of film
thickness. The shift of the Te3d core-level binding energy to higher binding energy for multilayer
films compared to the ML may have different contribution. For a pure charge transfer (or chemical
shift), one may expect a shift in the opposite direction as the presence of more V cations in the
compound should lead to more negative tellurium. However, core-level shifts can have different
origins. Surrounding of the Te sites with more cations, as is the case for intercalation compounds,
changes the electrostatic potential at the Te site, which would result in a shift to higher binding
energy, as observed in our data and consistent with the formation of a V3Te4 self-intercalation
compound, already discussed in section 4.1. Overall, the formation of VTe2 in the ML regime
easily occurs by MBE growth and there is an unavoidable transition to V3Te4 intercalation
compound with the increasing of film thickness. Similar STM and LEED studies were carried out
for Cr-Te system transition to the ML limit.

Figure 4.8: CrxTey grown at lower temperature (200C) on MoS2 substrate. (a) LEED pattern,
showing a hexagonal pattern for the ML sample and rotational alignment with the MoS2 substrate.
(b) Large scale STM showing a step height of ~0.6 nm for the first layer, indicative of ML height.
Atomic resolution STM image of (c) ML and (d) BL showing hexagonal pattern with the BL
presenting an additional height modulation without any long-range periodicity. STM imaging
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conditions (sample bias, tunneling current): (b) 1.3 V, 0.9 nA, (c) -10 mV, 0.8 nA, (d) -5 mV, 1.1
nA. Adapted with permission from ref. [2], Copyright © 2020, American Chemical Society.

The layered TMDC CrTe2 is metastable and, so far, could only be synthesized by other
groups as a bulk material by first growing a potassium intercalation compound, KCrTe2, and
subsequently chemically extracting the potassium layer [8]. Annealing of such formed CrTe2
decomposes into Cr2Te3 at 330 K [8][9]. As described in section 4.1, Cr3Te4 multilayer samples
were grown at 350°C. The synthesis of a stable ML CrTe2 as a potential 2D ferromagnetic TMDC
would be highly desirable. Hence, we investigated if the ML could be stabilized by reducing the
growth temperature to ~200 °C. Indeed, for these reduced growth temperatures, STM reveals the
formation of islands with only ~0.6 nm step height indicative of possible CrTe2 ML, shown in
fig.4.8(b). Such ML films can be grown on both HOPG and MoS2 substrates at this reduced growth
temperature. LEED for such ML grown on single crystal MoS2 substrate is shown in fig.4.8(a) and
presents a simple hexagonal pattern. Using the diffraction spots from the substrate and the known
lattice constant of MoS2 (a = 0.315 nm) as a calibration, we determine the lattice constant of the
ML film to be a = 0.36 nm, which is slightly smaller than the lattice constant a = 0.39 nm
determined for the multilayer films in section 4.1. Thus, the step height, simple hexagonal pattern,
and the lattice constant agrees with CrTe2. Atomic resolution STM images of the terraces of the
first layer, shown in fig.4.8(c), corroborate the simple hexagonal pattern. Atomic resolution images
of second layer islands show additional height modulations, however, without any long-range
periodicity, see fig.4.8(d). We tentatively assign these modulations to disordered intercalated
atoms, that in thicker films grown at higher temperatures would give rise the intercalation
compounds films. As it appears, 1T-CrTe2 can only be grown successfully as ML, with multilayers
converting into intercalation compounds. Nevertheless, the successful growth of ML CrTe2
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enabled magnetic characterization of this new material in on-going studies. It is worth mentioning
that no XPS analysis is presented here for Cr-Te systems due to the overlap of the core-levels for
Cr-2p and Te-3d.
The third telluride ML system explored here is TiTe2. Ultrathin TiTe2 has attracted interest
because it has been demonstrated that the ML exhibits a 2×2 CDW distortion while no CDW is
known for bulk TiTe2. The CDW transition temperature of the ML was determined [10] from
ARPES studies to be 92K. Here, we investigate the growth of titanium telluride by MBE on vdW
substrates to compare the phase of ML and the intercalation compounds presented in section 4.1.

Figure 4.9: TiTe2 grown on vdW substrates. (a) LEED pattern of the film grown on MoS2 substrate
showing a 1×1 pattern. (b) Large scale STM image showing complete ML with BL and trilayer
island. Atomic resolution STM image of ML at (c) RT and (d) 20K grown on HOPG substrate,
showing a 2×2 CDW periodicity. (e) Layer-dependent XPS spectra of Ti2p and Te3d used to
compare the change of the Te/Ti peak intensities as a function of film thickness for TixTey on HOPG
samples. STM imaging conditions (sample bias, tunneling current): (b) 1.2 V, 0.7 nA, (c) -0.1 V,
0.7 nA. Adapted with permission from ref. [2], Copyright © 2020, American Chemical Society.

We find that ML growth on MoS2 or HOPG vdW substrates results in 1T-TiTe2 films, which is
confirmed by both LEED and STM atomically resolved image, exhibiting a 1×1 structure, as
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shown in fig.4.9 (a) and (c), respectively. LT-STM studies at 20 K of the ML exhibits a 2×2
superstructure, shown in fig.4.9(d), which is consistent with the reported CDW for ML TiTe2 [10].
The difference between ML and multilayer TixTey films was also explored by XPS. Selfintercalation in multilayers is evident by comparing XPS intensity ratios for ML and multilayer
films, shown in fig.4.9(e). Increasing the film thickness from ML to multilayer, the Te3d/Ti2p
ratio decreased by about 30%, indicating a higher Ti concentration in multilayer films, as expected
for intercalated compounds.
Overall, it was shown in this section that the growth of early transition metal ditellurides
is possible in the ML regime by MBE synthesis, even for those compounds that present only the
intercalated phase for multilayer. The ML TMDC forms readily for VTe2, while chromium
telluride requires low growth temperatures to stabilize it as a TMDC. This difference may be
understood in the relative stability of the layered TMDC phases, where VTe2 is known to be a
stable compound, while CrTe2 is only metastable in bulk. In this respect, TiTe2 TMDC phase has
an even lower formation energy than that of VTe2, presenting a 1×1 long range periodicity even in
the BL regime. Moreover, this work opens new possibilities of investigation of ML CrTe2 as a
potential ferromagnet 2D material and the study of CDW behavior of ML VTe2, as well as the
already known CDW phase for TiTe2.

4.3 Mirror Twin Boundary Formation on TMDCs

The figures and text that follow were extract and adapted with permission from ref. [11],
Copyright © 2018, American Chemical Society.
As presented in section 1.2.4, MTBs between grains rotated by 60° have been found in
molybdenum dichalcogenides and identified as Mo-rich 1D structures [12-14]. These structural
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modifications can be prominent in MLs of MoSe2 and MoTe2 grown by MBE [15][16].
Interestingly, it has been shown by DFT calculations [17][18] and experimentally observed
[19][20] that MTBs exhibit metallic electronic bands. Because of the confinement of the metallic
states, they show intriguing 1D quantum liquid behavior described by the TLL theory and are the
first 1D metal for which spin-charge separation has been experimentally confirmed [19]. Also, as
expected for 1D metals, a Peierls’ metal-to-insulator instability has been observed with transition
temperature of ~230 K for MoSe2.
Modification of 2D TMDCs potentially enables tuning of their properties, adding to their
functionalities. Crystal engineering by the introduction of dense MTB networks by locally
controlled post-synthesis stoichiometry modifications could be an alternative approach for the
introduction of metal contacts in 2D materials and to tune chemical functionalities. So far, the
mechanism of formation of MTB networks is not understood and, consequently, no process of
their controlled formation has been demonstrated. Here, we show that incorporation of excess Mo
into MoSe2 or MoTe2 lattice, but not MoS2, results in the self-formation of MTB networks. We
also demonstrate that the incorporation of excess metals into MoTe2 is not limited to molybdenum.
In previous studies of ML to few layer MoSe2 or MoTe2 growth by MBE, the formation of
MTB networks was observed by various groups [19-22]. Although the structure and composition
of these MTBs were determined by TEM, the origin and mechanism for their formation remained
unresolved. MTBs can be viewed as 1D compositional modifications of the TMDC lattice. The
relation between the atomic structure of a pristine TMDC sheet and that with an inversion domain
and the associated MTB is shown in fig.4.10(a). Schematically, extra Mo atoms form a line, then
a part of the Mo sub-lattice is translated relative to the rest of the system, creating an inversion
domain. This simple model suggests that MTB triangular loops and eventually dense networks of
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Figure 4.10: (a) Schematic model for the formation of an inversion domain: (i) Mo-incorporation
into the pristine lattice and (ii) subsequent translation of a portion of the Mo-sublattice, causing
the formation of an ID surrounded by an (iii) MTB-loop. (b) MTB loop observed by STM for about
50 added Mo-atoms in MoSe2. (c) Simulated STM reproducing the double-row structure of the
loop. STM imaging conditions in (b) (sample bias, tunneling current): -1.1V; 0.7nA. Reprinted
with permission from ref. [11], Copyright © 2018, American Chemical Society.

MTBs may be formed by incorporation of excess Mo into the crystal structure. This raises the
question if the observed MTB networks in MBE grown samples are formed during growth, for
instance by coalescence of twin grains, or if such networks can be formed ‘post-growth’ by
incorporation of excess Mo, as elemental Mo is constantly supplied during MBE- growth, into the
already grown MoSe2 or MoTe2 film. Here, we demonstrate that the latter is the case by facilitating
MTB formation by deposition of Mo onto a pristine single crystal surface, i.e. without any growth
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process of MoSe2 or MoTe2. This result is confirmed by DFT calculations and has several
important implications; specifically, it allows for controlled post-synthesis crystal modifications.
To address the question if layered materials can be modified with MTB networks by
incorporation of excess Mo, we start with single crystals of MoS2, MoSe2 and MoTe2 and deposit
elemental Mo from a high purity Mo-rod with an e-beam evaporator under UHV. Before
deposition, the surfaces show only isolated defects. Atomic resolution STM images reveal wellordered crystalline surfaces, as shown in fig.4.11. The figure also presents STM images for
sequential deposition of Mo on these three different Mo-dichalcogenide single crystal surfaces at
350°C. With increasing Mo-deposition, the three surfaces evolve differently. On both MoTe2 and
MoSe2, triangular MTB-loops form, while on MoS2 only formation of metal clusters is observed.
In high resolution filled state images, the triangular defects in MoSe2 and MoTe2 appear as two
bright parallel lines. The STM images of such structures are illustrated by the example of MoSe 2
in fig.4.10(b). To demonstrate that these two parallel lines correspond to MTBs, our DFT
collaborators performed simulations of the STM images of an inversion domain separated by
MTBs shown in fig.4.10(c). These simulations reveal the same double row structure indicating
that, in filled state images, the chalcogen atoms adjacent to the actual MTBs are imaged ‘bright’.
The excellent match between the experimental STM data and the simulated one confirms that the
line-structures formed by Mo depositions in MoSe2 and MoTe2 are indeed MTB loops. In our
experiment, deposition of Mo on MoSe2 eventually results in the formation of Mo ad-clusters. The
transition from formation of triangular MTB loops to nucleation of Mo-clusters occurs at ~0.05
ML of excess Mo. The Mo-clusters preferentially nucleate at the corners of the triangular MTBloops, indicating that these are high energy sites for metal nucleation. On MoTe2, on the other
hand, the density of the MTB network keeps increasing beyond the saturation coverage observed
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for MoSe2. We observe that 15-20% of a ML of excess Mo can be incorporated into MoTe2.
Further deposition eventually results in the formation of Mo-clusters. The higher Mo concentration

Figure 4.11: STM images for sequential deposition of Mo at 350˚C on the three different Modichalcogenides substrates. The axis is based on the normalized number of Mo atoms absorbed
within the unit cell of MoTe2. Reprinted with permission from ref. [11], Copyright © 2018,
American Chemical Society.
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in the MTBs implies that for MoTe2 and for MoSe2, but not for MoS2, Mo atoms can readily diffuse
into the crystal plane of the TMDCs and self-organize into ordered 1D crystal structures embedded
in the TMDC lattice.
The experiments demonstrate that excess Mo modifies the lattice structure of MoSe2 and
MoTe2 with metallic 1D structural feature. For MoS2, this process does not occur. To gain insight
on the energetics of this process and potential pathways for the formation of extended MTBs, our
collaborators performed detailed DFT simulations.
The comparison of the formation energies of Mo adatoms with those of two kinds of Mointerstitials in the Mo-dichalcogenide lattice, shown in fig.4.12(a), were calculated. We considered
a split interstitial site, i.e. the occupation of the regular Mo-site with two Mo-atoms, and a regular
interstitial site in the center of the hexagonal structure. For all Mo-dichalcogenides, formation of
interstitials or split interstitials is favored over ad-atoms. MoTe2 prefers the regular interstitial site,
while MoSe2 and MoS2 prefer split interstitial sites. Thus, single Mo atoms always have a tendency
to be incorporated into the lattice. Only a modest potential kinetic barrier has to be overcome for
the excess Mo to go from an ad-atom site to an interstitial site. With increasing Mo deposition, the
formation energy of interstitials or pairs of interstitials should, however, be compared to the
formation energy of adsorbed dimers or Mo-clusters rather than individual ad-atoms. Comparison
of the formation energies reveals that only for MoSe2 and MoTe2 the interstitial site is favored
over adsorbed Mo-dimers, while for MoS2, adsorbed Mo-dimers are preferable. Consequently, one
would expect that two Mo split-interstitials combine to an adsorbed Mo-dimer for MoS2.
Incorporation of three or more excess Mo-atoms allows the formation of MTBs, as indicated in
fig.4.12 (d) and (e).
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Figure 4.12: Configurations and formation energies of excess Mo incorporated into Modichalcogenides. (a) Atomic configurations for defects involving a single additional Mo atom in
2D TMDCs: (i) adatom, (ii) interstitial, and (iii) split interstitial. (b) Atomic configurations for
defects involving two additional Mo atoms: (iv) ad-dimer, (v) a pair of split interstitials in nearest
neighbor sites, and (vi) a pair of nearest neighbor interstitials. (c) Energy difference between the
system with inversion domain and the pristine TMDC sheet with a corresponding number of Mo
atoms either in the dimer or bulk crystal. (d,e) Atomic structures of inversion domains with 3 and
4 extra Mo atoms. Reprinted with permission from ref. [11], Copyright © 2018, American
Chemical Society.

With increasing the number of excess Mo-atoms or, correspondingly, the lengths of the
MTB loop, the formation energy of the MTB defined as a difference between the total energy of
the system with the MTB and pristine system with Mo dimers on its surface decreases for all
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TMDCs (fig.4.12(c)), indicating that the formation of MTBs is energetically favorable over dimer
formation. As further Mo is deposited on the surface, the proper energy reference for the MTBs
could correspond to larger Mo clusters. However, since this leads to exponentially increasing
computational complexity and the multiple structures are likely to coexist, we only consider the
limiting case of bulk Mo. In this case, formation energies are positive, but the energy difference
for MoTe2 is much lower than for other TMDCs, and it is going down with the size of inversion
domains. As the chemical potential of Mo atoms in clusters should be between those in the dimer
and bulk crystal, one can expect that inversion domains and MTBs should easily appear in MoTe2
and hardly in MoS2, while MoSe2 is an intermediate case, as observed in the experiments.
The decrease in MTB formation energy with increasing inversion domain size implies that
it is energetically favorable for an inversion domain to grow in size by incorporating excess Mo
atoms. In our experiments, we utilize a very low Mo deposition rate that effectively adds one Moatom at a time and this facilitates the MTB growth. The observed higher density of MTBs and
smaller inversion domains in MoTe2 as compared to MoSe2 may be associated with the lower
formation energies in MoTe2, which causes higher nucleation rates. Besides, in MoSe2, it is easier
for an isolated Mo split interstitial to ‘resurface’ and attach to a growing MTB through surface
diffusion than in MoTe2. This may also contribute to the larger MTB loops in MoSe2. In MoSe2,
the growth of the MTB loops seems only limited when the growing MTB meets neighboring
MTBs, at which point Mo-cluster formation sets in, because the MTB cannot grow any further.
A proposed atomic mechanism for the formation of MTBs by sequential incorporation of
excess Mo into the MoTe2 lattice and their energy gains are illustrated in fig.4.13. By adding a Mo
atom near the corner of the inversion domain and shifting the neighboring Mo atoms of the MTB
to the adjacent interstitial site, the MTB effectively moves by one lattice constant. Fig.4.13(d) also
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shows the energy landscape for the growth from inversion domains size 4 to size 5. The energy
decreases with the highest barrier between local energy minima being only about 0.5 eV, thus
demonstrating that such process can readily occur. The initial structure is justified by noting that
the energy for adding Mo interstitial near the corner of the MTB loop is favored by 0.25 eV over
the configuration that the interstitial is far from it.

Figure 4.13: Illustration and energy barriers for the growth of an MTB loop by addition of an
extra excess Mo atom. (a-d) Illustration of the atomic mechanism for the enlargement of the MTB
loop (from size N to N+1) by addition of excess Mo (magenta atoms). The magenta circle denotes
the position of the next added Mo and the black arrow the subsequent shift of the neighboring Mo
atom(s). (d) Atomic configurations and the corresponding energy landscape for the transformation
from N=4 to N=5, showing overall decrease in energy. Zero energy corresponds to MTB loop of
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size N=4 and isolated Mo interstitial, indicating that the corner site is more favorable. Reprinted
with permission from ref. [11], Copyright © 2018, American Chemical Society.

The easy incorporation of excess Mo into the lattice of MoSe2 or MoTe2 implies the formation of
additional electronic states due to the excess Mo induced MTB networks. It has been previously
shown for MTBs in MoSe2 that they exhibit metallic properties and undergo a Peierls transition
[19,20] as expected for 1D metals. A high density of states in the band gap of the semiconducting
MoSe2 or MoTe2 are likely to induce pinning of the FL at these gap-states, not different from the
FL pinning observed at reconstructed semiconductor surfaces or at metal-induced gap states in
metal/semiconductor interfaces. Knowledge of the FL position in MTB modified MoSe2 or MoTe2
is crucial if these modifications are going to be used to fabricate controlled metal contacts. To gain
insight in the electronic structure and defect induced electronic states in the surface modified by
MTBs, we performed ARPES studies. Fig.4.14 shows band dispersion along the ΓK direction of
the BZ for single crystal MoSe2 and MoTe2. For single crystals, the VBM is at the Γ point. Both
single crystals are n-doped, which is the natural doping of Mo dichalcogenides and is likely
originating from doping by intrinsic defects. After formation of MTBs by deposition of Mo at
350°C, the VBM at the Γ point is shifting closer to the FL, i.e., it becomes slightly less n-doped.
This shift is due to the pinning of the FL at MTB-induced states. These states are better seen in
EDCs measured at the Γ point, shown in fig.4.14 (c) and (f) for MoTe2 and MoSe2, respectively.
The EDCs clearly indicate the band gap states extending up to the FL and shift of the VBM of 130
meV and 40 meV for MoTe2 and MoSe2, respectively. This means that the VBM at the Γ point
occur at 0.75 eV and 1.0 eV for MoTe2 and MoSe2 for surfaces modified with MTBs. These latter
values for the VBM are expected to be independent of the initial doping of the sample since the
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FL position in the MTB modified material is pinned at the defect states. This data confirms the
defect induced band gap states by MTB networks in MoTe2 and MoSe2 substrate.

Figure 4.14: He-II ARPES spectra of the MoTe2 single crystal (a) before and (b) after Mo
deposition at 350˚C. (c) Comparison of energy distribution curves of the electron densities at the
Γ-point. He-II ARPES spectra of the MoSe2 single crystal (d) before and (e) after Mo deposition
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at 350˚C. (f) Comparison of energy distribution curves of the electron densities at the Γ-point.
Reprinted with permission from ref. [11], Copyright © 2018, American Chemical Society.

The above discussion of the controlled formation of MTBs by Mo deposition shows that
this is an approach to locally metallize these materials with defined FL position with respect to the
VBM of the semiconductor substrate. The apparently easy incorporation of Mo into the lattices of
MoSe2 and MoTe2 also raises the question if other transition metals may also diffuse into the 2D
lattice rather than remaining at the surface. If this is the case, then for example deposition of metal
contacts onto TMDCs may be inadvertently already modified by transition metals in interstitial
sites or by MTB networks underneath of the metal contact patches. This would be a very different
scenario to the general simplified view of sharp metal/2D material interfaces with chemical
interactions of the metal with only the topmost chalcogen atoms of the TMDC. To address this
important issue for metal/TMDC interfaces, we study titanium deposition in the ultra-low coverage
limit with the goal to investigate if Ti remains at the surface or occupies interstitial sites. Ti and its
alloys are prototypical materials used for making well adhering metal contacts on 2D materials
and thus its diffusion into the 2D material would suggest a drastic change in the metal/2D-material
interface compared to previous models.
Fig.4.15 shows the surface of MoTe2 after deposition of ~0.3 % of a ML of Ti with the
sample at 350 °C (where 1 ML is defined as the number of Mo atoms in the MoTe2 ML, i.e. 1ML
corresponds to one Ti atom per MoTe2 unit cell). We observe mostly small protrusions and only a
few triangular MTB-loops. Occasionally, we observe large MTB loops with several of them being
aligned, as shown in fig.4.15(b). It is interesting to point out that for Mo deposition we observe
many more MTB loops for the same deposition temperature and similar coverage than for Ti
deposition. This implies that Ti interstitials are less mobile than Mo interstitials or prefer to stay
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as single interstitials rather than to agglomerate. The observation of multiple large triangular MTB
loops along a line may suggest that these form along preexisting defects in the crystal along which

Figure 4.15: STM of 0.3% of a titanium ML deposited on MoTe2 at 350 ˚C (a) Large scale image
showing single protrusions together with some small triangular MTBs. (b) Some larger triangular
MTB-loops are occasionally observed that appear to be aligned, suggesting that some pre-existing
line defect in the substrate may assist their formation. STM imaging conditions (sample bias,
tunneling current): (a) -0.9 V, 0.7 nA, (b) -0.9 V, 0.6 nA. Adapted with permission from ref. [11],
Copyright © 2018, American Chemical Society.

the diffusion may be enhanced. Preferred formation of Ti interstitials compared to Ti adatoms or
Ti in split-interstitial sites is also confirmed by DFT simulations. Calculations from our
collaborators indicate that the formation energy for Ti interstitials is -4.93 eV and is energetically
favored by 2.59 eV compared to a Ti adatom. It is also interesting to note that formation energy
for Ti interstitials is favored as compared to Mo interstitials (by 1.08 eV), further stressing the
strong preference for Ti to form interstitials in MoTe2. This large formation energy of Ti in the
interstitial site may also contribute to its stability and larger barriers for diffusion. In addition,
diffusion should proceed via a site exchange of the Ti interstitial with a Mo lattice atom. We
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calculate that the configuration of such a site exchange is energetically disfavored by 0.2 eV. While
this is a relatively small energy, it will add to the barrier of diffusion for Ti.

Figure 4.16: ARPES studies of MoTe2 and MoTe2+Ti. He-II ARPES spectra of the MoTe2 single
crystal (a) before and (b) after Ti deposition at 350˚C. (c) Comparison of energy distribution
curves at the Γ-point. The inset shows the electron densities close to the fermi-level. Reprinted
with permission from ref. [11], Copyright © 2018, American Chemical Society.

Finally, ARPES measurements of Ti doped MoTe2 are shown in fig.4.16. Similar to the
case of excess Mo, the band gap states observed pin the FL, as can be seen from the EDC at the Γ
point shown in fig.4.16(c). The VBM is measured to be at 0.71 eV below the FL at the Γ point for
the Ti doped surface. This is slightly closer to the FL than for Mo doped MoTe2 where the VBM
was found at 0.75 eV. This indicates that the FL pinning occurs at slightly different energy in the
band gap for Ti modified MoTe2 than for MoTe2 modified by excess Mo. This shows that for some
TMDCs, the incorporation of excess transition metals into the lattice has to be taken into account
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when modeling the metal/TMDC interface. We stress that the intermixing of the metal with the
TMDC is not universal. One possible explanation for the easier incorporation of excess metals in
MoTe2 or MoSe2 compared to MoS2, is that the larger unit cells of the former enable the
incorporation of excess transition metals in interstitial sites and their subsequent restructuring into
one dimensional crystal modifications.
This section showed that by exposing MoTe2 and MoSe2 to e-beam evaporation of metals
such as Mo and Ti, it is possible to controllably form MTB networks and interstitial defects on the
surface of these TMDCs. The understanding of excess metal induced crystal modifications opens
opportunities for further functionalization of TMDCs and new system can be studied regarding
induction of new properties, e.g., magnetism, as it is the case in section 4.4.

4.4 Diluted Magnetic Defects in TMDCs

Doping of TMDCs may induce magnetism on the sample, enabling a whole new range of
applications for future production of magnetic field sensors, magneto-optical devices and other
spintronics applications. An outlook on recent works involving DMS and ferromagnetism induced
by defects and dopants on TMDCs was presented in section 1.2.5. It was addressed how even
dilute defects can cause long range ferromagnetic ordering in MoTe2 and MoSe2 [23], making
them promising materials for DMS. Moreover, it was also shown that vanadium has been used as
ferromagnetic dopants in diluted semiconductor systems [24], suggesting that it might be a good
candidate for magnetic dopant in TMDC systems. Here, we discuss our results on V doping in
MoTe2 by the incorporation of extra metals mechanism discussed in section 4.3. This is a new
doping approach that could also be used to induce magnetic ordering in TMDCs and to create
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novel 2D magnets. The figures and text that follow were extract and adapted with permission from
ref. [25], Copyright © 2019, John Wiley and Sons.
We demonstrate here that the doping mechanism discussed in section 4.3 can also be
expanded to other transition metals, in particular, to achieve the goal of inducing magnetism into
MoTe2. Titanium or vanadium has been used as ferromagnetic dopants in diluted semiconductor
systems, and thus, in this study, we explore if V can be introduced into MoTe2 interstitial sites or
as substitutional impurities (at Mo or Te sites) and if these magnetic dopants can cause
ferromagnetic ordering in MoTe2.
Commercially available synthetically grown 2H-MoTe2 single crystals were cleaved in air
and introduced immediately into an UHV chamber. The crystal was characterized by STM, as
shown in fig.4.17. On small-scale images, atomic defects are characterized in STM as very weak
protrusions extending over a few unit cells but are present in very low concentrations in our
samples, as shown in fig.4.17(a). This is similar to previously reported STM images and was
suggested to be due to antisite defects, i.e. Mo in a Te site [23]. Annealing of these substrates
above 500 K in UHV environment causes the formation of additional defects on the surface. The
center of these defects coincides with the Te lattice sites and are identified as Te vacancies, as
confirmed by DFT simulations discussed below. The magnetic properties of these and other
samples are characterized with a VSM. The as received MoTe2 single crystal exhibits a very weak
ferromagnetic signal on its diamagnetic background, as shown in the magnetization versus
magnetic field (M-H) plot in fig.4.17(a) with the background subtracted. Annealing and
introduction of Te vacancies do not change the magnetic properties of MoTe2, shown in
fig.4.17(b).
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Figure 4.17: RT STM images and related magnetization versus magnetic field (M-H)
measurements at 10 K for (a) clean MoTe2 single crystal with few weak protrusions and (b) MoTe2
with additional Te vacancies created by vacuum annealing of the crystal to above 500 K. Magnetic
measurements were performed with the samples protected by a 10nm thick Te capping layer.
Reproduced with permission from ref. [25], Copyright © 2019, John Wiley and Sons.

In order to investigate possible formation of 2D DMS, Ti or V has been vapor deposited
onto MoTe2 surface with the sample held at RT. Fig.4.18 shows STM images of ~ 0.3% of a ML
of V deposited on MoTe2. Here, we define ML as equivalent to one atom per MoTe2 unit cell, and
the coverage was estimated from counting protrusions in STM images after deposition. The sample
is covered with mostly uniformly sized bright protrusions, in addition to a few larger clusters. The
protrusions exhibit a height of only ~ 2 Å and, thus, could be due to electronic effects of metallic
impurities in the semiconducting MoTe2 and not a topographical feature, e.g., adatoms.
Unfortunately, no atomic detail was possible to obtain for these small protrusions or their
surrounding lattice. Metal adatoms are, however, expected to be mobile and agglomerate into large
metal clusters at the surface. The samples were found to be stable in air. Fig.4.18(b) shows a
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sample after removal from the vacuum chamber for magnetic measurements (presented in the
lower panel) and then reintroducing into the vacuum system for STM imaging. The main structural
difference appears to be for the few larger ‘clusters’ that after air-exposure show a dark depression
in their center. The stability of the small protrusions to air-exposure is further evidence that these
cannot be single V adatoms or V clusters as those would oxidize and/or agglomerate.
Consequently, these must be strongly bounded V atoms incorporated into the MoTe2 atomic
network.
Deposition V at elevated temperatures (600 K) results in the formation of MTBs, as shown
in fig.4.18(c), which suggests high mobility of the deposited metals. This is similar to what we
have reported previously for Mo deposition [11]. In contrast, annealing of samples with RT
deposited V to 500-600K does not cause a massive restructuring into MTBs, but a transformation
of the V induced defects is observed, nevertheless. The single bright protrusions
observed after RT deposition disappear and instead a small bright triangular loop appears. At the
same time, as discussed above, more Te vacancies form at this annealing temperature. Thus, postdeposition annealing results into two discernable defect structures as shown in the inset of
fig.4.18(d). From DFT calculations discussed below, we identify both defect structures to be
associated with Te vacancies, with the brighter defect being a Te vacancy modified by charge
transfer from an adjacent V interstitial atom.
Both the as-prepared samples and those capped with a few nanometers thick Te layer were
characterized for their magnetic properties. The Te capping helps protect the surface of MoTe2
from adsorbates and reactions with the atmosphere. Importantly, both samples (with or without)
capping showed enhanced ferromagnetic properties as compared to the samples without V dopants.
However, there are variations in the saturation magnetization and coercive field, as can be seen
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from comparison of the M-H curves in fig.4.18 (a) and (b). These reductions of the magnetic
properties for the unprotected surface are likely a consequence of adsorption of molecules. These
adsorbates may interact with defect/dopants or induce a band bending at the surface of MoTe2 and
change the charge carrier concentration in the surface layer. The Te capping layer is not a critical
component for inducing magnetism in this system, and we consider it as a passive protective layer,
which we employed for all other studies to avoid uncontrollable influences from surface
adsorbates/contaminations.

Figure 4.18: RT STM images and related M-H hysteresis loops taken at 10K. 0.3% of a ML of V
deposited at RT in MoTe2 (a) before and (b) after exposure to air. Bright protrusions are
highlighted with a red square and small clusters with a blue circle. (c) V deposited at 600K in
MoTe2, presenting MTB defects and (d) deposited at RT with subsequent annealing at 600K,
presenting small bright triangular loops and Te vacancies. (e) Ti deposited at RT on MoTe2.
Reproduced with permission from ref. [25], Copyright © 2019, John Wiley and Sons.
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The magnetic properties of the V modified surfaces depend on the atomic configuration of
V dopants. Only samples prepared at RT, and thus exhibiting the single protrusions, exhibit clear
M-H hysteresis loops, while after annealing the saturation magnetization is strongly suppressed,
as shown in fig.4.18(d), and only remains slightly larger than that of MoTe2 (fig.4.17(a)). This
suggests that only the metastable V species that are observed after the RT preparation are
magnetically active, and the annealing promotes a transition into lower energy configurations,
which appear to be non-magnetic. Also, samples prepared by the post-growth incorporation of Ti
(fig.4.18(e)) show an almost identical M-H hysteresis loop, if compared to pure MoTe2, indicating
that the magnetic properties are caused by V dopants and not by any other intrinsic defects that
may form during the deposition of transition metals.
To assign the features observed in STM images to specific atomic configurations involving
defects and impurity atoms, our collaborators conducted systematic DFT studies of the formation
energies, and simulated STM images of V atoms incorporated at various lattice and interstitial
sites. While the deposited metal atoms are initially likely to be adsorbed on the surface, there are
several other sites with energy lower than that for adatoms. In particular, the lowest energy
configuration for an additional V atom is in the interstitial site. If Te vacancies are present,
transition metal adatoms can fill them up, which would also provide magnetic moment for V, but
not for Ti, according to the calculations. Mo site substitution is unlikely, since we did not observe
Mo vacancies in the freshly cleaved samples and V at Mo sites has zero magnetic moment, while
Ti at such sites would exhibit a magnetic moment, i.e., behave opposite to our observations.
Fig.4.19 shows the simulated STM images for neutral and negatively charged Te vacancy,
V adatom, V at a Te site, and V at an interstitial-site. We obtain good agreement with vacuumannealed samples where Te vacancies are expected (fig.4.19(a)). For V deposited at RT, we only
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observe single bright protrusions in the experiments, which are naturally obtained in the
simulations for defects with protruding atoms, such as adatoms. However, V adatoms have already
been ruled out due to their expected mobility and instability in air. A more likely match for the
protrusion is given by V (or Ti) at a Te site (fig.4.19(d)). Importantly, V at Te sites also exhibits a
magnetic moment of 1 μB, while Ti has no magnetic moment, suggesting that only V could induce
magnetism in this system, which is in agreement with the experiments. However, V atom at the
Te site has a small barrier for migration to an interstitial position, so that this configuration is
metastable and will change to the thermodynamically preferred interstitial site at elevated
temperature, leaving a Te vacancy at the surface. In accordance with this scenario, the best
agreement of the prominent defect structure observed in STM is obtained for negatively charged
Te vacancies, see fig.4.19(b). The negative charging of the Te vacancy is consistent with V
interstitials acting as donors and Te vacancies as acceptors. It is also noteworthy, that neutral V in
interstitial sites would exhibit a magnetic moment, but if it donates its electron to a Te vacancy, it
becomes non-magnetic. It is this interplay between V interstitials and Te vacancies that explains
the transition from magnetic to non-magnetic properties upon annealing. Interestingly, the
proposed magnetic configuration of a V at Te site is similar to the Mo antisite defect that has been
suggested to be responsible for long range magnetic order in MoTe2 [23]. For completeness, we
mention that the contrast for a V interstitial is very low and thus cannot explain the bright
protrusions nor the bright ‘rings’ observed in STM images, see fig.4.19(e). We have considered
several other possible structures, with none of them being in agreement with the experiments.
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Figure 4.19: Simulated STM images and comparison to experimental images for (a,b) Te vacancy
in the neutral and -1 charge states, (c) V adatom, (d) V at Te site, and (e) V interstitial. For the
last three, the atomic structures are also shown below the STM images. The inset between (c) and
(d) presents the experimental STM image of the bright protrusions for reference, but lacks atomic
resolution. Reproduced with permission from ref. [25], Copyright © 2019, John Wiley and Sons.

To further experimentally evaluate the magnetic characteristics of V modified MoTe2, we
conducted V coverage and temperature dependent M-H measurements performed by our
collaborators. In fig.4.20, we compare samples within the accessible concentration range before
clustering of V adatoms at the surface occurs. This limits us to low V concentrations, and we
measure samples with 0.2 %, 0.3 % and 0.8 % V concentration. Fig.4.20(a) shows a comparison
of raw M-H loops for differently doped samples at 10 K normalized to the sample surface area.
The weak signal and the complexity of the system with both diamagnetic and paramagnetic
contributions make a background subtraction from the ferromagnetic signal difficult. Therefore,
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we extract values for Ms and Hc directly from the raw data without background subtraction. With
increased doping, an increase in Ms is observed while Hc remains unchanged within the accuracy

Figure 4.20: Magnetization measurements of MoTe2 with different V concentrations. (a) M-H
hysteresis loops taken at 10K for MoTe2 with 0.2%, 0.3%, and 0.8% of V coverage. The variation
of the linear diamagnetic background is a consequence of different substrate thicknesses. (b)
Variation in magnetization saturation with the V concentration. (c) Temperature dependences of
Hc and Ms for the 0.8% V doped sample. The error bars reflect the experimental uncertainty related
to background noise. Reproduced with permission from ref. [25], Copyright © 2019, John Wiley
and Sons.

of the measurement. Although Ms increases roughly proportional to the V dopant concentration
(fig.4.20(b)), it appears that the measured Ms cannot be only associated with the magnetic moments
of the V dopants (in fact, it would be beyond the sensitivity of the VSM to pick up magnetism for
such low V concentration) and, thus, we conclude that the V impurities must cause some magnetic
polarization of MoTe2, similar to what has recently been shown for intrinsic defect-induced
ferromagnetic ordering in MoTe2 [23]. The temperature dependence of Ms and Hc for the 0.8%
doped sample is shown in fig.4.20(c). A weak decrease of Ms with increasing T in the accessible
temperature range indicates a high Curie temperature above RT. The Hc remains constant within
the experimental uncertainty up to ~ 100 K and only for the lowest temperature of 10 K an
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experimentally significant increase in Hc is observed. The increase of Hc at low T may suggest a
transition to a longer-range magnetic coupling due to reduced thermal excitations. The
technologically most important observation is that the magnetization persists to above 300 K. This
is a much higher Curie temperature than in typical DMS systems and is also higher than the ~100
K reported for MoTe2 promoted by intrinsic defects [23].
In this work, we have identified V doped MoTe2 as a new RT ferromagnet. The
incorporation of V into pristine MoTe2 is a post-growth process, and this will allow us to modify
MoTe2 sheets locally by, e.g., shadow mask deposition or other directed-deposition methods. The
same approach may also be expanded for the investigation of magnetism induction in other
metal/TMDCs systems [26].
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5. CONCLUSIONS AND OUTLOOK

The study of 2D vdW materials involves interesting reduced-dimension property changes
when compared to their bulk materials. The ability of combining these materials independent of
lattice matching and modifying electronic properties by using vdW heterostructures makes them
promising materials for optoelectronics device applications. Moreover, these materials can also be
grown by MBE and modified by doping, defect engineering, phase transition, compositional
change and characterized in situ by UHV compatible techniques. The results of the studies
presented here collaborate to a deeper understanding of the fundamental physics behind 2D TMDC
systems and possible electronic applications in devices based on these systems.
In this final chapter, I will present a summary of the main conclusions related to the work
presented in chapter 4 and their importance for the advancement of the Materials Science in the
field of 2D materials. Section 5.1 focus on intercalated compounds of early transition metal
tellurides (Cr-, Ti- and V- Te systems) and their transition to ML regime [1][2]. Section 5.2 focus
on the incorporation of extra metal atoms into TMDC lattice as a mechanism for controlled
modification of properties [3][4]. Section 5.3 presents an outlook to potential future work that can
address open questions and possibilities.

5.1 Early Transition Metal Tellurides

Intercalation compounds can be considered as modifications of TMDCs by additional
transition metals in the vdW gap between the layers, as presented in section 4.1. Synthesizing ML

112

and multilayer samples of early TMDCs and their intercalation compounds by MBE open
opportunities for advances in tuning properties of vdW materials by reducing their number of
layers and/or combining them into artificial vdW heterostructures. The intercalation compounds
are structurally very similar to the TMDCs and challenging to discern in the ultrathin films limit.
In the work shown in section 4.2, we presented VTe2 in the ML limit as a new CDW
material, only stable as a ML, when grown by MBE. Synthesis of CrTe2, a material that was only
known to exist as a metastable bulk phase was also presented. The synthesis and characterization
of these materials in our work allows further investigations of electronic and magnetic properties
and heterostructures created by combining them in order to identify new opportunities for
electronic devices applications. The 1T TMDC phase could also be achieved for TiTe2 in the ML
regime. The investigation of electronic properties in the ML regime showed CDW behavior in
VTe2 and TiTe2. Prediction for CDW CrTe2 were made by DFT but have still not been confirmed
experimentally. Further investigation is in progress.
For the multilayer growth by MBE, intercalation of transition metals in between the
TMDC layers was observed in all three early transition metal tellurides studied. For CrxTey and
VxTey, the structures were consistent with M3Te4 based on the combined studies using STM,
LEED, XPS, TEM, and DFT. For TixTey, the intercalated atoms may only have local ordering but
results also suggest the Ti3Te4 phase formation. The compositions obtained in MBE may be
different from those in other growth methods due to the availability of extra metal during the
synthesis. Moreover, structural similarities between TMDCs and some of the intercalation
compounds might lead to misinterpretation of ultrathin films grown by MBE if proper
characterization techniques are not utilized. These intercalation compounds may be unintentionally
formed; however, a control of the composition of these materials can be used to synthesize
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variations of vdW materials, such as bilayer TMDCs with a single intercalated transition metal
layer. We demonstrated that these intercalation compounds can be grown by vdW epitaxy on
dissimilar vdW substrates (HOPG, MoS2 and G/SiC), which indicates their potential for the
synthesis as vdW heterostructures.

5.2 Incorporation of Transition Metal in TMDCs Crystal Lattice

As discussed in section 4.3, by exposing MoTe2 and MoSe2 to e-beam evaporation of
metals such as Mo and Ti, it is possible to controllably form MTB networks and interstitial defects
on the surface of these TMDCs. The understanding of excess metal induced crystal modifications
opens opportunities for further functionalization of TMDCs and new systems can be studied
regarding induction of new properties, e.g. magnetism, as it is the case in section 4.4.
Excess Mo atoms were incorporated into the lattice of MoTe2 and MoSe2 and were selforganized into 1D metallic structures, representing a Mo-rich configuration on these materials.
The easy incorporation of excess Mo in these materials explains for the first time the mechanism
responsible for the formation of MTB networks during the MBE growth of MoSe2 and MoTe2, as
presented in section 4.3. This observation suggests that some of the simple metal/TMDC interfaces
that considers an adatom to interact only to the topmost chalcogen atoms during film growth and/or
doping processes might need to be reconsidered, including the case of vdW heterostructures
growth. Specifically, our studies show that at least for Ti and Mo interfaces with MoTe2 or MoSe2,
the system can be far more complex and metal diffusion and crystal modifications may occur. The
application of this controlled process can be investigated for other metal/TMDC systems and we
have expanded our studies for the case of V doped MoTe2, a possible case of magnetization
induction by doping.
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The incorporation of V into pristine MoTe2 by following the procedure discussed in
section 4.4 is a post-growth process, and allows us to modify MoTe2 lattice locally, by, for
example, shadow mask deposition or other directed deposition methods. Importantly, this doping
mechanism may introduce metastable configurations that are difficult to synthesize during the
growth of such materials that tend to favor the thermodynamically stable configurations. Our STM
studies combined with magnetic measurements and DFT calculations from our collaborations
show that V atoms are deposited at RT and incorporated at Te sites (where they present
magnetization). By annealing the sample, the V atoms gain enough energy to relocate to a more
energetically favorable position (interstitial site). This new configuration promotes a charge
transfer from the V interstitial to the neighbor Te vacancy and the sample becomes non-magnetic.
Hence, we presented a mechanism to form a new RT ferromagnet material by controllably doping
a sample to become magnetic and suppressing the magnetization, also controllably, by annealing.
Recent developments in the control of magnetism in 2D materials by electric field may also enable
modifying the magnetic properties in the V doped MoTe2 system by external stimuli. Moreover,
the magnetic properties described here complement previously known electrostatic dopinginduced structural phase change from 2H to 1T’ phases in MoTe2, making it an important
switchable multifunctional material.

5.3 Outlook and Future Possibilities

The ability of synthesizing isolated MLs of early transition metal ditellurides enables
further investigation of their electronic and magnetic properties. Studies on magnetism in CrTe2
might present a new ferromagnetic material to be used in spintronics. Investigation of layer
dependance electronic and magnetic properties, e.g., changes in the band structure and
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ferromagnetic behavior, on Cr-, V- and Ti- telluride systems will also expand our knowledge about
these materials and enable further application in electronic devices when combined with other
TMDCs into vdW heterostructures. It is important to point out, however, that some challenges may
have to be overcome during the synthesis of vdW heterostructures. We have demonstrated that
transition metals can be incorporated into MoSe2 and MoTe2 when vapor deposited. This and
similar processes may be active during the synthesis of vdW heterostructures by MBE or other
direct growth methods. This can result in unintended doping of vdW layers or even the formation
of new phases. In addition to modification of the 2D lattice plane, transition metal can also be
incorporated in the vdW gap between two vdW materials. This can be as dilute atoms or even in
ordered arrangements forming intercalation compounds. While this is a challenge for creating well
defined vdW heterostructure, it is also an opportunity for creating new materials if the interdiffusion of components at interfaces can be controlled.
The controlled doping of TMDCs in an MBE chamber can happen during the growth of
films and heterostructures or by post deposition; the latter process was discussed in sections 4.3
and 4.4. The incorporation of excess metal in the lattice of TMDCs will depend on the formation
energy for different combinations of transition metals and TMDCs. For those combinations that
would favor the incorporation of metals over the formation of clusters, changes in magnetic and
electronic properties can be investigated. Further studies on how single metal atoms are added to
host TMDC films will allow a deeper understanding on the configuration of the interface of vdW
heterostructures and enable proper applications in the electronic devices industry, depending on
how these intercalated atoms affect magnetic and electronic properties of studied films. Overall,
the investigation of controlled synthesis and modifications of TMDCs, as presented in this thesis,
contributes to the advancement in the production and efficiency of electronic devices.

116

5.4 References
[1] Molecular Beam Epitaxy of Transition Metal (Ti‑, V‑, and Cr‑) Tellurides: From Monolayer
Ditellurides to Multilayer Self-Intercalation Compounds. K. Lasek, P. M. Coelho, K. Zberecki, Y.
Xin, S. K. Kolekar, J. Li, and M. Batzill. ACS Nano, 14, 8473−8484 (2020).
[2] Monolayer Modification of VTe2 and Its Charge Density Wave. P. M. Coelho, K. Lasek, K. N.
Cong, J. Li, W. Niu, W. Liu, I. I. Oleynik, and M. Batzill. J. Phys. Chem. Lett., 10, 4987−4993
(2019).
[3] Post-Synthesis Modifications of Two-Dimensional MoSe2 or MoTe2 by Incorporation of
Excess Metal Atoms into the Crystal Structure. P. M. Coelho, H. P. Komsa , H. C. Diaz, Y. Ma,
A. V. Krasheninnikov, M. Batzill. ACS Nano, 12 (4), pp 3975–3984, (2018).
[4] Room-Temperature Ferromagnetism in MoTe2 by Post-Growth Incorporation of Vanadium
Impurities. P. M. Coelho, H. P. Komsa, K. Lasek, V. Kalappattil, J. Karthikeyan, M. H. Phan, A.
V. Krasheninnikov, M. Batzill. Adv. Electron. Mater., 1900044 (2019).

117

APPENDIX A:
COPYRIGHTS AND PERMISSIONS

118

119

120

121

122

123

124

125

126

127

128

129

130

131

APPENDIX B:
LIST OF JOURNAL PUBLICATIONS OF THE AUTHOR

1. Synthesis and characterization of 2D transition metal dichalcogenides: recent progress
from a vacuum surface science perspective. Kinga Lasek, Jingfeng Li, Sadhu Kolekar,
Paula Mariel Coelho, Lu’an Guo, Min Zhang, Zhiming Wang, Matthias Batzill. Surface
Science Reports, 76, 2, 100523 (2021).
2. Molecular Beam Epitaxy of Transition Metal (Ti-, V-, and Cr-) Tellurides: From
Monolayer Ditellurides to Multilayer Self-Intercalation Compounds. Kinga Lasek, Paula
Mariel Coelho, Krzysztof Zberecki, Yan Xin, Sadhu K. Kolekar, Jingfeng Li, Matthias
Batzill. ACS Nano. 14, 7, 8473–8484 (2020).
3. Compositional Phase Change of Early Transition Metal Diselenide (VSe2 and TiSe2)
Ultrathin Films by Postgrowth Annealing. Manuel Bonilla, Sadhu Kolekar, Jiangfeng Li,
Yan Xin, Paula Mariel Coelho, Kinga Lasek, Krzysztof Zberecki, Daniel Lizzit, Ezequiel
Tosi, Paolo Lacovig, Silvano Lizzit, Matthias Batzill. Adv. Mater. Interfaces. 2000497
(2020).
4. Monolayer Modification of VTe2 and its Charge Density Wave. Paula Mariel Coelho,
Kinga Lasek, Kien Nguyen Cong, Jingfeng Li, Wei Niu, Wenqing Liu, Ivan I Oleynik,
Matthias Batzill. The Journal of Physical Chemistry Letters. 10, 4987−4993 (2019).
5. Charge Density Wave State Suppresses Ferromagnetic Ordering in VSe2 Monolayers.
Paula Mariel Coelho, Kien Nguyen-Cong, Manuel Bonilla, Sadhu K. Kolekar, ManhHuong Phan, José Avila, Maria Carmen Asensio, Ivan I Oleynik, Matthias Batzill. The
Journal of Physical Chemistry C. 123, 22, 14089–14096 (2019).
6. Room temperature ferromagnetism in MoTe2 by post-growth incorporation of vanadium
impurities. Paula Mariel Coelho, Hannu-Pekka Komsa, Kinga Lasek, Vijaysankar
Kalappattil, Jeyakumar Karthikeyan, Manh-Huong Phan, Arkady V. Krasheninnikov,
Matthias Batzill. Adv. Electron. Mater., 1900044 (2019).
7. Post-synthesis modification of MoSe2 and MoTe2 with metallic grain boundaries by
incorporation of extra Mo into the atomic network. Paula Mariel Coelho, Hannu-Pekka
Komsa, Horacio Coy Diaz, Yujing Ma, Arkady V. Krasheninnikov, Matthias Batzill. ACS
Nano, 12 (4), pp 3975–3984 (2018).

132

8. Structural and Electronic Signatures of Layer Decoupling in Multilayer Epitaxial
Graphene. P.M. Coelho, D.D. dos Reis, M.J.S. Matos, T.G. Mendes-de-Sá, A.M.B.
Goncalves, R.G. Lacerda, A. Malachias and R. Magalhães-Paniago. Surface Science, 644,
135-140 (2015).
9. Temperature-Induced Coexistence of a Conducting Bilayer and the Bulk Terminated
Surface of the Topological Insulator Bi2Te3. Paula M. Coelho, Guilherme A. S. Ribeiro,
Angelo Malachias, Vinicius L. Pimentel, Wendell S. Silva, Diogo D. Reis, Mario S. C.
Mazzoni, and Rogerio Magalhães-Paniago. Nano Letters, 13 (9), pp 4517–4521 (2013).
10. Correlation between (in)commensurate domains of multilayer epitaxial graphene grown on
SiC(0001) and single layer electronic behavior. T.G. Mendes-de-Sa, A.M.B. Gonçalves,
M.J.S. Matos, P.M. Coelho, R. Magalhaes-Paniago and R.G. Lacerda. Nanotechnology,
23, 475602 (2012).
 Self-intercalated Cr(1+δ)Te2 ultrathin films: Alternative 2D materials for direct growth of
van der Waals heterostructures. Kinga Lasek, Paula Mariel Coelho, Pierluigi Gargiani,
Manuel Valvidares, Holger L. Meyerheim, Ilya Kostanovskiy, Krzysztof Zberecki,
Matthias Batzill, (In preparation)
 Compositional control of two-dimensional Pt-chalcogenide (Se and Te) ultrathin films.
Jingfeng Li, Sadhu Kolekar, Paula Mariel Coelho, Florence Nugera, Kinga Lasek,
Humberto Gutierrez, Matthias Batzill. (In preparation)

133

ABOUT THE AUTHOR

Paula Mariel Coelho obtained her B.Sc. degree in Physics in 2013 and her M.Sc. degree in Physics
in 2015, both from the Federal University of Minas Gerais, Brazil. She joined the Ph.D. program
in Applied Physics at the University of South Florida, Tampa, USA, in 2016. She was awarded the
USF Presidential Doctoral Fellowship during the whole duration of her doctorate studies. During
her time as a research assistant at the Interface and Surface Science Lab group under the
supervision of Dr. Matthias Batzill at USF, she published seven papers in peer-reviewed journals.
Upon completion of her Ph.D., she starts working as an Assistant Professor at the University of
North Florida, Jacksonville, USA. Her research interests are in the surface science of transition
metal dichalcogenides, their behavior in the monolayer regime and modifications via defects
formation and doping.

